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ABSTRACT

Development of YBa2Cu3O7-δ (YBCO) based high-temperature superconductors is
going on worldwide, as it enables superconducting applications with low-cost liquid
nitrogen as coolant. For most applications, such as microwave devices and coated
conductors, YBCO is required to be in an epitaxial film form to minimize the weak-link
effect at the grain boundaries, and a multilayer structure of YBCO/buffer layer/substrate
is commonly used. Chemical solution deposition (CSD) is of great research interest as it
is a low-cost, highly flexible route for the fabrication of high-quality thin films. This
thesis reports studies on the fabrication of large-area YBCO films for microwave
application by metal-organic deposition using trifluoroacetates (TFA-MOD), on the
properties of YBCO based superconducting films, including binary and ternary rare
earth element based superconducting films, grown by the TFA-MOD method, and on
the growth of Sm2O3 buffer layers by CSD.

Fabrication of large-area YBCO films for microwave application by the TFA-MOD
method was investigated, including the influence of processing parameters such as gas
flow rate and crystallization duration. With optimized processing conditions, high
quality large-area YBCO films can be obtained, and the microwave surface resistance is
comparable to values for commercial films prepared by the vacuum technique.

REBa2Cu3O7-δ (RE = rare earth) compounds are attractive candidates for YBCO
applications, as they have higher transition temperatures (Tc) and better in-field
performance than YBCO. In this thesis, binary compound Y1-xRExBa2Cu3O7-δ
((Y,RE)BCO) thin films have been fabricated on LaAlO3 (LAO) single crystal
IV

substrates by the TFA-MOD method. It has been found that the improved performance
under intermediate field of the (Y,RE)BCO films is associated with the ionic radius
difference between Y3+ and RE3+, and Eu substitution results in the most significant
enhancement under current processing conditions. Fabrication of ternary REBCO
compound Nd1/3Eu1/3Gd1/3Ba2Cu3O7-δ (NEG-123) films on LAO substrates by the TFAMOD method has been studied as well. The processing conditions for NEG-123 films
are more critical than those for YBCO films, possibly due to the large lattice mismatch
between NEG-123 and LAO substrate. Biaxially textured NEG-123 film with Tc, onset at
90.5 K and critical current density (Jc) of 0.19 MA/cm2 (77 K, self field) was obtained
with a crystallization temperature of 810 °C under 3 ppm oxygen partial pressure.

Due to health and environmental considerations, large-scale use of the standard TFAMOD process for YBCO film is not a good choice. In my work, a low toxicity TFAMOD method using ethanol as a solvent has been developed to minimize the health
risks in industrial scale fabrication of YBCO films. Highly biaxial textured YBCO films
on LAO substrates with Tc,onset of 91 K and Jc of 1.47 MA/cm2 (77 K, self field) can be
obtained by the ethanol-based TFA-MOD method. To the best of my knowledge, there
has been no other report on this kind of research in the world.

Sm2O3 is a promising candidate as a buffer layer for YBCO coated conductor, due to
the small lattice mismatch between Sm2O3 and YBCO. In this thesis, a chemical
solution deposition route using samarium acetate and propionic acid has been studied
for the fabrication of biaxially textured Sm2O3 films on biaxially textured Ni-5%W
substrates.
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Keywords: YBCO; thin film; coated conductor; buffer layer; Sm2O3; chemical solution
deposition; TFA-MOD.
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Chapter 1 Introduction

1.1 High-temperature superconductor

Superconductivity, discovered in 1911 [1], is a phenomenon of certain materials
featuring zero dc electric resistivity and perfect diamagnetism below a critical
temperature (Tc).

Until 1973, the highest Tc of 23.2 K was found in Nb3Ge [2, 3]. This record remained
until 1986, when La1-xBaCu2O4La1-xBaxCu2O4 was found to be superconductive with Tc
up to 35 K [4]. Later in early 1987, YBa2Cu3O7 (YBCO) was found to have Tc up to 93
K [5, 6], making it possible to utilize low-cost liquid nitrogen (boiling point 77 K) as
the refrigerant.

Now, superconductors with Tc below 23 K are collectively called low-temperature
superconductors (LTSs) while those who with Tc above 23 K are called hightemperature superconductors (HTSs) [7].

The discovery of high-Tc superconductivity in cuprates attracted unprecedented
attention, several additional cuprates HTSs were found in the following years. In 1988,
a high Tc of about 105 K was obtained in the Bi-Sr-Ca-Cu-O (BSCCO) system [8, 9]. In
early 1988, the Tl-Ca/Ba-Cu-O system with Tc up to 120 K was found [10]. In 1993,
HgBa2CuO4+x with Tc of 94 K was discovered as the first Hg-based cuprate
superconductor [11], and then highest Tc up to 134 K was found in HgBa2Ca2Cu3O8-x
1

(Hg-1223) [12]. Later in 1993, it was found that the application of pressure on Hg-1223
could result in an upward shift of Tc [13]. In 1994, the highest Tc of 164 K, which
remains the world record now, was achieved in Hg-1223 under 31 GPa quasihydrostatic
pressure [14].

In 2001, a binary intermetallic compound, MgB2, was found to represent a new class
non-cuprate HTS with Tc of 39 K [15]. This discovery caused great interest in both
research and industrial applications due to the simple structure of MgB2 and the low
cost of Mg and B. After several years’ development, MgB2 wires produced by the
powder-in-tube method have become a very possible alternative for the commercially
used LTSs Nb3Sn and NbTi [16].

In February 2008, fluorine doped LaFeAsO1-xFx was found to be superconducting with
Tc of 26 K [17]. One month later, a higher Tc of up to 55 K was obtained in SmFeAsO1xFx

compound [18]. The discovery of Fe-layer based non-cuprate HTS has caused great

interest worldwide, which is still going on today [19].

In order to avoid the high cost of liquid helium (boiling point 4.2 K), superconductors
are expected to work at liquid nitrogen temperature for industrial application. Tl-based
and Hg-based cuprate superconductors are not suitable candidates due to the high
toxicity of the elements Tl and Hg. Up to now, the only two HTS candidates for real
applications are BSCCO and YBCO.

Bi2Sr2CaCu2O8 (BSCCO-2212, Tc = 85 K) and (Bi, Pb)2Sr2Ca2Cu3O10 (BSCCO-2223,
Tc = 110 K), the so-called first-generation (1G) HTS, have been successfully
2

industrialized as silver-sheathed multifilamentary wires by a powder-in-tube method
[20]. However, BSCCO-2223 exhibits a very low irreversibility field (Hirr, at which the
critical current density vanishes) of 0.2 T at 77 K, and the usage of silver makes it
difficult to reduce the cost. Consequently, the future application of 1G HTS is limited.
The potential alternative for 1G HTS is second-generation (2G) HTS based on YBCO,
which has a much higher Hirr of ~7 T at 77 K [21].

1.2 YBCO coated conductor

1.2.1 Structure and physical properties of YBCO

YBCO, with an exact formula Y1Ba2Cu3O7-x is a complex, layered perovskite. It centres
on a Y layer, around which are stacked the CuO plane of strong superconductivity and a
double charge-reservoir layer of O-Ba-O and O-Cu. Variations in this structure include
the orthorhombic and tetragonal structures, as shown in Figure 1.1.

The structure of YBCO depends on the oxygen deficiency x. For 0.5 < x < 1, the
compound is in the tetragonal phase and not superconductive. For 0 < x < 0.5, the
compound is in the orthorhombic phase. Furthermore, in the orthorhombic phase, the
oxygen concentration governs the Tc. For 0 < x < 0.15, the Tc is around 90 K. This is the
structure that is desired for most practical applications, whereas, for all other values up
to x = 0.5, Tc < 90 K.

3

Figure 1.1 Structure of (a) and (c) orthorhombic YBa2Cu3O7 and (b) and (d) tetragonal
YBa2Cu3O6 [22].

In the orthorhombic YBCO structure, the CuO layers, or sheets, in the a-b plane are
responsible for the superconductivity. In addition, the CuO chains along the b-axis also
aid the conduction. Because of the missing oxygen links to the Cu atoms along the caxis, the superconductivity is small. That is to say, the anisotropic crystal structure of
YBCO results in anisotropic electrical properties.

Due to the existence of anisotropy and weak-link effects at the YBCO grain boundaries
[23, 24], a biaxial texture is required for polycrystalline YBCO to transport high current.
4

Generally, YBCO is prepared in the form of a highly biaxial textured film for practical
applications.

1.2.2 YBCO coated conductor

For power application, YBCO superconductor has been developed in a coated
conductor format [21]. The general structure of a coated conductor is shown in Figure
1.2.

Cap layer
YBCO layer
Buffer layer
Substrate

Figure 1.2 Coated conductor structure.

The substrate, including any buffer layers, is the carrier of any form of coated conductor,
which provides mechanical support and a template for atomic ordering in the HTS film.
Lattice matching and suitable orientation are prerequisites for the epitaxial growth of
HTS films, and specific applications require different substrate materials which offer an
acceptable compromise for the purpose at hand. Chemical compatibility, good thermal
expansion matching, substrate surface quality, thermodynamic stability of the substrate,
cleanliness of the substrate, and substrate homogeneity are all required to be considered.
For specific applications of HTS film, the dielectric and magnetic properties of the
substrate should be taken into consideration, and suitable mechanical properties and size
availability, as well as cost effectiveness must be considered for large-scale production.
5

Properties of the most widely used substrate materials are listed in Table1.1 and Table
1.2 [25].

Table 1.1 Properties of some commonly used metallic substrates [26]
Lattice

Misfit
d

Crystal
Materials

constant

Curie

(nm)

structure

α

m.p.

-6 o

(oC)

to YBCO

(nm)

T (K)

(10 / C)

(%)

Ag

cF4

0.4086

0.4086

+6.13

0-

18.9-25

961

Cu

cF4

0.3615

0.3615

-6.10

0-

17

1083

Ni

cF4

0.3524

0.3524

-8.57

627

13-17.4

1455

Ni-5%W

cF4

Inconel 601

cF4

1384

Hastelloy

cF4

1370

334

Keys: values at room temperature unless otherwise stated;
*

: denotes values at 76 K

α: coefficient of thermal expansion

m.p.: melting point;

There are mainly two approaches for the manufacture of YBCO coated conductor: one
is the vacuum-based deposition of YBCO films on polycrystalline metallic substrates
with biaxially textured buffer layers prepared by ion-beam-assisted deposition (IBAD)
or inclined substrate deposition (ISD); another is a vacuum or non vacuum based
deposition of YBCO films on textured metallic substrates with textured buffer layers.
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Table 1.2 Room temperature properties of the commonly used materials for substrates
and buffer layers [26]
Lattice

Plane

Misfit to

constant

space

YBCO

(nm)

d (nm)

(%)

Crystal
Materials
structure

CeO2

Cubic

Dielectric

α

m.p.

constant

(10-6/oC)

(oC)

0.5411

0.3826

-0.62

15

9.9-13.2

2600

(CaF2)
SrTiO3

c.p.

0.3905

0.3905

+1.43

300

10.4

2080

LaAlO3

r.p.

0.3792

0.3792

-1.51

25.4

9.2

2100

LaMnO3

c.p.

0.3880

0.3880

+0.78

La2Zr2O7

c.p.

1.0786

0.3813

-0.96

Y2O3

Cubic

1.055

0.3723

-3.3

13

8.5

2410

11.5-9.4

8.31-9.03

2040

(Mn2O3)
Al2O3
(sapphire)

hexagonal

a=0.4758
c=1.299

Keys: values at room temperature unless otherwise stated;
r.p.: rhombohedral perovskite;

c.p.: cubic perovskite;

Ion beam assisted deposition (IBAD) is the first technology to successfully realize the
fabrication of biaxially aligned YBCO films on polycrystalline metallic substrates [27,
28]. It is a vacuum technique involving concurrent ion beam bombardment during film
growth, as shown in Figure 1.3. Biaxially textured films can be formed on
polycrystalline substrates without any epitaxial relationship. Thus, it provides high
flexibility for substrate selection.
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Figure 1.3 Schematic illustration of IBAD system [29].

In Augst 2009, SuperPower Inc. reported over 1 km long YBCO tapes fabricated by the
IBAD technique. A critical current (IC) × piece length performance of 300330 A-m was
achieved and became the new world record [30].

Inclined-substrate deposition (ISD) is also a vacuum-based technique that can fabricate
textured oxide films on polycrystalline substrates [31-38]. A pulsed laser deposition
(PLD) or e-beam evaporation (EBE) system without assisted ion beam is involved in the
ISD process. In order to obtain the required texture, substrates have to be inclined at a
certain angle with respect to the direction of the plasma plume in PLD or the vapour in
EBE. A schematic illustration of an ISD system is shown in Figure 1.4. ISD is a faster
process compared to IBAD, but the film quality is lower. It has been neglected in recent
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years due to the development of IBAD and rolling-assisted biaxially textured substrate
(RABiTS) technology.

Figure 1.4 Schematic illustration of ISD system [39].

Another approach is based on rolling assisted biaxially textured substrate (RABiTS)
technology [40-43], which applies cold rolling and an annealing process to make a
metallic substrate recrystallise and form a biaxial texture. The textured substrates
provide an epitaxial template for the epitaxial growth of buffer layers and the
superconducting layer, which can be realized by both vacuum and non-vacuum
techniques. A schematic illustration of the RABiTS process is shown in Figure 1.5.
Compared to IBAD, RABiTS is a relatively inexpensive and efficient process.
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Figure 1.5 Schematic illustration of RABiTS approach [41].

In 2010, the American Superconductor Corporation (AMSC) reported that their second
generation (2G) production line based on the RABiTS/metal organic deposition
(MOD)-YBCO route is capable of producing 500 m 2G tapes in lengths up to 500 m
with critical current Ic over 100 A (250 A/cmwidth) at 77 K, self field [44].

1.3 Thin film growth technology

There are many routes for making epitaxial YBCO films and buffer layers. They can be
classified into two categories: vacuum-based techniques and non-vacuum techniques.
Pulsed laser deposition, metal-organic chemical vapour deposition, and sputtering, are
the most commonly used vacuum-based techniques, while chemical solution deposition
is the main non-vacuum technique.
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1.3.1 Vacuum-based Deposition

Pulsed laser deposition (PLD) is a typical vacuum-based film growth technique, which
has been applied to fabricate high-quality buffer layers and YBCO superconducting
films on various substrates [44, 46-48]. In the PLD process, a target and a substrate are
located in a vacuum chamber, and a high-energy pulsed laser beam generated outside
the chamber is focused on the target. Material is ablated from the target and vaporized
as a plasma plume, which will be deposited on the heated substrate and form a thin film.
A schematic illustration of a PLD system is shown in Figure 1.6.

Figure 1.6 Schematic illustration of PLD system [46]

Metal-organic chemical vapour deposition (MOCVD) is another popular film growth
technique [30, 49, 50]. In the MOCVD process, the vapour of metal organic precursors
is delivered into a heated reaction chamber by carrier gas flow, and it then reacts to
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form the desired film on the substrate. A schematic illustration of a MOCVD system is
shown in Figure 1.7.

Figure 1.7 Schematic illustration of MOCVD system [50].

Sputtering is also a vacuum-based film growth technique [51-53]. The target is
bombarded by high-energy ions and the sputtered materials are deposited onto the
substrate to form the film. A schematic diagram of the sputtering process is shown in
Figure 1.8.
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Figure 1.8 Schematic illustration of sputtering system [54].

1.3.2 Chemical solution Deposition

Chemical solution deposition (CSD) is a highly flexible non-vacuum technique for the
fabrication of oxide thin films [55-58].

A typical CSD process for thin film fabrication starts with the synthesis of the
appropriate precursors, which are often salts, typically, carboxylates, or other metalorganic compounds, usually alkoxides. These precursors are dissolved in suitable
solvents and mixed in a stoichiometric ratio to yield the desired composition of the final
film. The precursor solution is deposited onto a substrate by spin coating, spray coating,
or dip coating. Subsequently, the as-deposited film is dried and pyrolyzed with a low13

temperature thermal treatment (typically 300-400

o

C), which is aimed to the

decomposition of organic materials and the formation of an amorphous film. Finally, a
high-temperature thermal treatment is employed for densification and crystallization of
the amorphous film into the desired oxide phase, and a post-annealing process might be
required depending on the specific CSD route. A schematic illustration of the chemical
solution deposition process is shown in Figure 1.9.

Figure 1.9 Schematic illustration of chemical solution deposition process [57].

The general principle of CSD is to prepare a homogeneous precursor solution of the
desired cation species, which works as a vehicle to transport the desirable elements onto
a substrate by a coating process. Usually the solution is prepared by mixing and
possibly reacting individual precursors or precursor solutions. The chemical interactions
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between the starting materials during solution synthesis depend on the chemical
reactivity of the compounds and the solution preparation conditions. Solution viscosity,
solute concentrations, and the solvent system must be also adjusted during the synthesis
process for the type of substrate and the coating technique that will be applied.

For the fabrication of oxide thin films, according to the procedures used during solution
preparation, the gelation behaviour of the deposited film, and the chemical reactions that
occur during thermal annealing, the most frequently used CSD approaches may be
grouped into the following principal categories:
•

sol-gel processes using alkoxide precursors that primarily undergo hydrolysis
and condensation, with 2-methoxyethanol as reactant and solvent;

•

metal-organic decomposition (MOD)

routes using water-insensitive metal

carboxylate compounds;
•

hybrid routes using modifying ligands.

After precursor solution synthesis, the solution is coated onto a substrate and formforms
a precursor film. The desired oxide phase is formed during the subsequent thermal
treatment of the precursor film. The most commonly used coating techniques for
fabrication of oxide thin films are spin coating, spraying, dip coating, and slot die
coating, as shown in Figure 1.10.
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Figure 1.10 Illustrations of commonly used coating techniques [58].

Generally, the thermal treatment of precursor films can be categorized into two classes:
two-step processes and one-step processes. In a two-step process, the precursor film is
firstly placed on a hot plate at a relatively low temperature (typically 200 oC – 400 oC)
to burn out the organic species, and then heated to the desired high temperature to make
the film crystallize. In a one-step process, the precursor film is directly annealed at high
temperature to realize the removal of organic species and crystallization of the film.

1.4 Solution derived YBCO films

1.4.1 Chemical solution deposition for YBCO films
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In the early studies [59-63], conventional MOD methods using nitrates or carboxylates
were applied for the fabrication of YBCO films. The critical current density, Jc, results
for the product films were rather low (<<1 MA/cm2, 77 K, 0 T) because of the
formation of stable BaCO3 phase during the sintering process [64] . In 1988, a new
MOD method using trifluoroacetate (TFA) precursors was reported [65] . The
intermediates in this method are fluorides that are more stable than BaCO3, and thus the
formation of BaCO3 can be avoided. This method, namely metal-organic deposition
using trifluoroacetates (TFA-MOD), was developed to fabricate textured YBCO films
with high Jc of over 1 MA/cm2 (77 K, 0 T) [66, 67]. In 2001, highly purified precursor
solution was developed for the TFA-MOD method, and YBCO films with ultra-high Jc
of 7.0 MA/cm2 (77 K, 0 T) were fabricated [68]. Now, the TFA-MOD method is the
most commonly used for the fabrication of high quality YBCO films on both single
crystal substrates and buffered metallic tapes [69-93]. A schematic illustration of the
TFA-MOD method is shown in Figure 1.11.

Figure 1.11 Schematic illustration of TFA-MOD method [69].
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Figure 1.12 Precursor solution preparation process for TFA-MOD method [68].

The typical precursor solution preparation process for TFA-MOD method is shown in
Figure 1.12. Yttrium acetate, barium acetate, and copper acetate, with a cation ratio of
normally 1:2:3, are dissolved in deionized water. Trifluoroacetic acid is added into the
solution, and then the mixed solution is distilled under decompression to yield a blue
residual gel that contains impurities, such as water and acetic acid. The gel is dissolved
in methanol, and the solution is distilled under decompression again to yield a refined
blue gel. The dissolution and distillation process is repeated once, and the refined gel is
dissolved in methanol and diluted to a desired concentration to obtain the final coating
solution.
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The coating solution is deposited onto a substrate by spin coating or dip coating. The
obtained gel film is calcined in humidified oxygen gas flow to form a translucent brown
precursor film that contains Y-Ba-O-F amorphous matrix and CuO nanocrystallites. No
BaCO3 forms in the calcining process. The chemical reactions in the calcining process
can be described as below [74]:

(CF3COO)3Y → Y-O-F (amorphous) + C-O-F (residue)
(CF3COO)2Ba → Ba-O-F (amorphous) + C-O-F (residue)
(CF3COO)2Cu → CuO (molecule → nanocrystallite) + C-O-F (residue)

The precursor film is fired at around 800 oC in humidified Ar/O2 mixed gas and
annealed in dry oxygen below 525 oC to obtain textured YBCO films. During the firing
process, CuO nanocrystallites are converted into quasi-liquid networks which absorb
water and release the generated HF gas at the film surface. The reaction of CuO, Y-BaO-F, and water vapour, which results in the formation of textured YBa2Cu3O6 phase,
can be described as

CuO + Y-Ba-O-F + H2O → YBa2Cu3O6 + HF↑

YBa2Cu3O6 is converted into YBa2Cu3O7-x superconducting phase after annealing in dry
oxygen. Typical heat treatment profiles for the calcining and firing processes are shown
in Figure 1.13.
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Figure 1.13 Typical heat treatment profiles for (a) calcining and (b) firing process [70].

The removal of fluorine in the firing stage for the TFA-MOD route is a non-trivial
process. There appear to be many issues related to the fluid-flow and complicated
reactor designs. In addition, the HF gas generated as a byproduct in the TFA-MOD
process is not environmentally friendly. With these concerns, non-fluorine MOD
methods have been developed to fabricate YBCO films [94-105]. Epitaxial YBCO films
with Jc of 1.6 MA/cm2 on LaAlO3 (LAO) substrates [95] and 1.02 MA/cm2 on
CeO2/yttrium stablized zirconia (YSZ)/CeO2 buffered Ni tapes [102] have been
achieved. However, the properties of non-fluorine MOD YBCO films are still much
inferior to those of TFA-MOD YBCO films, and the TFA-MOD method remains the
most popular chemical solution deposition route for the fabrication of high-quality
YBCO films.

1.4.2 Improvement of properties of solution derived YBCO films

Although the TFA-MOD method is a well-established technique for the fabrication of
high-quality YBCO thin films, neither the Jc nor the Ic can fully satisfy the above
criteria for the main applications at 77 K with zero field or under magnetic field. To
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increase the Ic of YBCO films, there are two possible routes: to increase the film
thickness while maintaining a high Jc (> 1MA/cm2, 77 K, self-field), or increase the Jc
value while maintaining the film thickness. However, generally, YBCO films suffer
from increasing film thickness and applied field. As shown in Figure 1.14, Jc decreases
dramatically as the film thickness increases, or when there is an applied magnetic field.

Figure 1.14 The (a) film thickness dependence and (b) magnetic field dependence of Jc
for YBCO films [106].

Multi-coating is one of the possible routes to fabricate thick YBCO films [88, 107-111].
The coating and calcining process is repeated several times to obtain the desired film
thickness, and then the multi-layered amorphous film is fired in order to obtain
YBa2Cu3O7 superconducting phase. Films up to 3 µm thick with a high IC of 470 A/cm
(77 K, 0 T) have been fabricated on short metallic tapes with the multi-coating process
[109]. Another potential route to prepare thick YBCO films is to increase the TFAMOD coating solution viscosity by the use of polymer addition [112]. Crack-free and
homogeneous YBCO films with a thickness of 800 nm can be obtained by a single
coating, and a high Jc value of 2 MA/cm2 (77K, 0 T) can be achieved.

21

Rare earth (RE) element substitution of yttrium is one of the effective ways to improve
the properties of YBCO films [113-116], as REBa2Cu3O7 (REBCO, RE = Sm, Gd, Ho,
etc.) superconductors have high Tc values than YBCO as well as higher Jc in the
magnetic fields, and the lattice mismatch between REBCO and YBCO cells or sub-cells
results in localized stress fields which can work as pinning centers [117, 118].

Addition of RE is an effective way to introduce random-oriented pinning centres into
YBCO films [116, 119-127]. TEM studies reveal that the RE addition in MOD method
results in the formation of (Y,RE)2O3 and (Y,RE)2Cu2O5 nano-particles, which work as
pinning centres in the (Y,RE)BCO films and enhance the in-field properties for the film
[123, 124].

Doping of secondary phase like BaZrO3 (BZO) into YBCO films is found to have very
good potential as a route to improve the in-field performance [114, 116, 127-130], as
shown in Figure 1.15. This remarkable pinning enhancement is due to the highly
defective and strained YBCO microstructure caused by the BZO nano-particles in the
YBCO matrix.
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Figure 1.15 Magnetic-field dependence of the Jc and pinning force for a nanocomposite
with 10% mol BZO sample and a standard YBCO-TFA sample; inset in (a) is the field
dependence of the normalized Jc(H)/Jc(0) at 77 K for YBCO-BZO and standard YBCOTFA. [128]

1.5 Solution derived buffer layers

Chemical solution deposition of buffer layers on both single crystal substrate and
metallic tapes has received great attention due to its high potential for coated conductor
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development. Various buffer layer materials with different structures have been
investigated.

1.5.1 MO2

CeO2 is one of the preferred buffer layer materials for coated conductor as it has low
lattice mismatch and high chemical compatibility with YBCO. Various CSD approaches,
such as the sol-gel method using organic [131, 132] or inorganic precursors [133, 134],
the MOD method [135-137], and the aqueous sol-gel method [138], have been used for
the fabrication of highly textured CeO2 buffer layers. Typical results for solution
derived CeO2 buffer layers on Ni-W tapes are shown in Figure 1.16. Thick CeO2 films
suffer cracking problems on metallic substrates, so it is commonly used as seed layer or
cap layer for the multi-layer buffer layer structure.
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Figure 1.16 Solution derived CeO2 buffer layers on Ni-5%W substrates [136]

Yttria-stabilized zirconia (YSZ, Zr1-xYxOy) is another preferred buffer layer material.
Highly textured YSZ buffer layers have been obtained via vacuum-based deposition
techniques. Solution derived multilayered buffer layer stacks of CeO2/YSZ/CeO2 have
been reported [139]. The YSZ layer is not fully cube texured, as shown in Figure 1.17.
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Figure 1.17 XRD pattern for CeO2/YSZ/CeO2 buffer layers on Ni substrates [139].

Gadolinia stabilized zirconia (GSZ, Zr1-xGdxOy) has been fabricated on Y2O3 buffered
Ni-3W substrates by the MOD method [140]. Self-field Jc of 1.4 MA/cm2 at 77 K is
obtained from 0.2 µm thick YBCO films (deposited by PLD) on MOD GSZ buffer
layers, as shown in Figure 1.18.

Figure 1.18 Results for solution derived GSZ buffer layers [140].

1.5.2 RE2O3

26

The studies regarding solution derived rare earth oxide (Re2O3) buffer layers are mainly
focused on Gd2O3 [141-143], Er2O3 [142], and Y2O3 [144]. Highly (h00) oriented
RE2O3 films can be obtained on both single crystal and textured metallic substrates via
the CSD method. Anyway, the superconducting properties of YBCO films deposited on
a single RE2O3 buffer layer are not as good as required. Generally, RE2O3 buffer layers
are used as the seed layers in a coated conductor structure.

1.5.3 ABO3

Perovskite buffer layers, which have a general formula ABO3, are attractive due to their
similar crystal structure with YBCO. SrTiO3-based and LaMnO3-based perovskite
buffer layers are the most viable candidates due to their lattice matching and chemical
compatibility with YBCO.

SrTiO3 has a stable cubic perovskite structure with a lattice parameter of 0.3905 nm. Its
lattice mismatches with YBCO and Ni are only 1.4% and 11.1%, respectively. (00l)
oriented SrTiO3 buffer layers have been grown on both single crystal and metallic
substrates via chemical solution deposition [145-152]. The solution derived SrTiO3 seed
layers [148] , Ba1-xSrxTiO3 seed layers [150-151], and Ba0.2Ca0.8TiO3 seed layers [152]
can significantly influence the orientation growth of subsequent STO layers. Biaxially
textured doped SrTiO3 buffer layers, such as Nb: SrTiO3 [152, 153] and (Ba, Sr)TiO3
[154], have been grown on LaAlO3 single crystal substrates and Ni (001) substrates.
Typical results for solution derived SrTiO3 buffer layers on textured Ni substrates are
shown in Figure 1.19.
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Figure 1.19 Solution derived SrTiO3 buffer layers on Ni substrates [147].

Lanthanum manganate, LaMnO3 (LMO), is a semiconducting perovskite oxide with a
pseudocubic lattice parameter of 3.91 Å, closely matched to that of orthorhombic
YBCO (3.86 Å). Highly (00l) oriented LaMnO3 can be obtained on perovskite single
crystal substrates (SrTiO3 or LaAlO3) or SrTiO3 buffered Ni tapes by chemical solution
deposition, but solution derived LaMnO3 films on pure Ni tapes are (011) oriented [155,
156]. Direct growth of epitaxial LaMnO3 on Ni-W tapes by chemical solution
deposition seems impossible due to the diffusion of tungsten into the LaMnO3 layer
which results in the formation of La and Mn tungstates [157] .
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Sr-doped LaMnO3, La0.7Sr0.3MnO3, an electrically conductive oxide with a pseudocubic
lattice parameter of 3.9 Å, has been considered as a conductive buffer layer for YBCO
coated conductors [158]. Highly (00l) oriented La0.7Sr0.3MnO3 films have been
fabricated on LaAlO3 single crystal substrates by chemical solution depositoin [159161], but solution derived textured films on metallic tapes have not yet been reported.
The typical results for La0.7Sr0.3MnO3 films on single crystal substrates are shown in
Figure 1.20.

Figure 1.20 Solution derived LSMO buffer layers on STO single crystal substrates
[161].
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1.5.4 A2B2O7

Lanthanum zirconate (La2Zr2O7, LZO) has a cubic pyrochlore structure with a lattice
parameter a = 1.079 nm. Its pseudocubic (half of the diagonal of the face centred cubic)
lattice parameter of 0.3882 nm offers a very close lattice match with YBCO (~ 0.7%)
and Ni tape (~ 8%) so that it enables epitaxial growth of YBCO films, and it is a good
barrier against oxygen diffusion as well.

Highly biaxially textured La2Zr2O7 buffer layers have been successfully fabricated on
textured Ni and Ni-W substrates by chemical solution deposition [142, 162-171]. The
typical result of solution derived La2Zr2O7 buffer layer is shown in Figure 1.21. Direct
growth of YBCO on CSD-derived La2Zr2O7 may result in a reaction between the two
layers which forms BaZrO3 and suppress the superconducting properties of YBCO film
[171], thus CeO2 is offen deposited on La2Zr2O7 as a cap layer. YBCO films with Jc
over 1 MA/cm2 (77 K, self field) can be achieved on CeO2/La2Zr2O7/Ni-5%W by either
vacuum technique like PLD [170] or MOD method [167].
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Figure 1.21 Typical results for solution derived La2Zr2O7 buffer layers on Ni (200)
substrates [166].
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Chapter 2 Preparation of Large-area YBCO Film for
Microwave Application by the TFA-MOD Method

Large-area high temperature superconductor (HTS) films with low surface resistance
are ideal candidates for microwave applications. Various film preparation methods, such
as pulsed laser deposition (PLD) [172], sputtering [173], and metal-organic deposition
(MOD) [99, 101, 174], have been used to prepared large-area YBa2Cu3O7-δ (YBCO)
films. Among these film growth techniques, the metal-organic deposition using
trifluoroacetates (TFA-MOD), as a well-established technique for the fabrication of
high-quality YBCO films, has been considered as a very promising route for industrial
application, as it is a low-cost, no-vacuum technique and suitable for mass production.

In this chapter, both single-sided and double-sided 30 × 30 mm2 YBCO films on LAO
single crystal substrates and CeO2 buffered yttrium stabilized zirconia (YSZ) single
crystal substrates are prepared by the TFA-MOD method. The influence of different
processing conditions such as gas flow rate, ramp temperature, and holding time is
studied. The reason for conducting research on YBCO films deposited on CeO2
buffered YSZ single crystal substrate is that our Industry Partner has a plan to use ion
beam assisted deposition (IBAD) substrate with a YSZ biaxial template for microwave
applications. This work is financially supported by an Australian Industrial Linkage
Project in collaboration with the Industry Partner, Missaplex Pty Ltd.

2.1 Experimental
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Chemicals used in this work are the first important factors that need to be considered
and chosen, which is related to the different compounds with the same metal element,
the purity, and the suppliers. Chemicals with different purities and manufacturers, listed
in Table 2.1, were tried for the precursor solution preparation. Copper acetate from Alfa
Aesar had unknown impuritess which precipitated as a white salt during distilling, so it
was not an acceptable precursor. Other chemicals could be employed as starting
materials for the precursor solution preparation.

Table 2.1 Chemicals used for TFA-MOD precursor solution preparation.
Name

Fomula

Purity

Manufacturer

Yttrium acetate terahydrate

Y(C2H3O2)3.4H2O

99.99%

American Elements

Barium acetate

Ba(C2H3O2)2

99%

Sigma-Aldrich

Barium acetate

Ba(C2H3O2)2

99.999%

Alfa Aesar

Copper acetate

Cu(C2H3O2)2

99.999%

Alfa Aesar

Copper acetate monohydrate Cu(C2H3O3)2.H2O

≥99.0%

Sigma-Aldrich

Trifluoroacetic acid

C2HO2F3

99%

Aldrich

Methanol

CH4O

99%

Sigma-Aldrich

To make the precursor solution for the TFA-MOD method, the acetic salts were
dissolved into a mixture of deionized water and trifluoroacetic acid (TFA acid) with the
cation ratio of Y3+: Ba2+: Cu2+ = 1: 2 : 3. The solution was stirred at room temperature
for 30 min to make all salts dissolve completely, and then distilled under decompression
in a rotating evaporator (BUCHI R-210) to yield a refined blue residual gel. The gel was
dissolved in methanol to obtain a transparent blue solution. The distilling and
dissolution processes were repeated three times to obtain the final precursor solution.
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The cation concentrations of the spin coating solution and the dip coating solution were
1.5 M and 1.8 M, respectively.

CeO2 buffer layers were grown on YSZ single crystal substrate using the radio
frequency (rf) magnetron sputtering method. A stoichiometric CeO2 ceramic target 3
inches in diameter was used. The substrate temperature was 750 ºC, and the power was
300 W with gas pressure of 0.1 mbar and an Ar: O2 ratio of 10:1.

Before coating, the LaAlO3 (00l) single crystal substrates were ultrasonically cleaned in
ethanol for 5 min, then dried under flowing nitrogen, but the CeO2 buffered YSZ
substrates were kept as obtained from the sputtering chamber. Single-sided films were
deposited with a spin coater (Laurell WS-400BZ-6NNP/LITE). The rotation speed was
4000 rpm, and the rotation time was 1 min. The spin coater sample chamber was
flushed with dry argon for 15 min before coating, and silicon gel was kept in the
chamber to maintain a reasonable relative humidity (< 40%), as otherwise, the precursor
film would suffer from dewetting effects. Double-side films were deposited with a dip
coater (NIMA DC-Mono 160), and the withdrawal speed was 50 mm/min.

After coating, the precursor films were first dried on a hot plate at 70 oC in air
atmosphere, and then were inserted into a tube furnace for heat treatment. The quartz
tube diameter was 50 mm, and the gas flow rate varied from 0.1 to 2 L/min, i.e., 0.85 to
17.0 mm/s. The detailed heat treatment schedules are shown in Figure 2.1. Dry O2 and
Ar/O2 gas were humidified by going through a 35 oC water bath, and the water partial
pressure (PH2O) was 5.6%.
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X-ray diffraction (XRD; GBC MMA) and scanning electron microscopy (SEM; JOEL
6460) were used to investigate film crystallinity and surface morphology. The
superconducting properties of the samples were examined by an induced critical current
density (Jc)-scan system (Leizpig). The microwave property measurement was carried
out by the standard dielectric resonator method at Missaplex Pty Ltd.

Figure 2.1 Heat treatment profiles for the preparation of YBCO films by TFA-MOD
method.
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2.2 Results and Discussion

2.2.1 Single-sided YBCO films on LAO substrates

During the calcining process, the film morphology is influenced by the gas flow rate, as
shown in Figure 2.2. With low gas flow rate (0.85 mm/s) the film cracks after
calcination, whereas with a high gas flow rate (17.0 mm/s), circular spots of
contamination appear on the film surface. Similar macrocracks have been observed on
other calcined precursor films with low gas flow rate [84], and the formation of
cracking is supposed to be associated with the plastic flow that exists in the film during
decomposition and enhances the tensile stress. High gas flow rate has been found to
result in surface-buckled structure; however, in this work, the film itself is smooth and
homogeneous. Circular spots of containimation on the film are supposed to be
associated with the equipment. The gas flow takes moisture from the water bath, and
then the small drops of water accumulate in the quartz tube furnace, fall down onto the
film, and contaminate it. To prevent formation of macrocracks and water contamination,
the gas flow was controlled in the medium range of 8.5-12.8 mm/s.

36

(a)

(b)

Figure 2.2 Optical microscope images of films calcined with different gas flow rates: (a)
0.85 mm/s; (b) 17.0 mm/s.

The ramp temperature and PO2 in the firing process are key factors in the film quality, as
the film phase and orientation are significantly influenced by the PO2 of the reaction
atmosphere and the temperature, as shown in Figure 2.3. The commercial forming gas
of oxygen and argon available in Australia is 0.1% (1000 ppm) O2 in argon, so a ramp
temperature of 820 ºC was selected for the fabrication of highly c-axis oriented YBCO
films.
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Figure 2.3 YBCO phase diagram for the temperature and oxygen partial pressure
dependence of phases and orientations. a1: a-axis oriented YBCO; c2: c-axis oriented
YBCO; c1, strongly c-axis oriented YBCO; m1: melting line [102].

Water partial pressure is also an important parameter that can influence the film texture
and surface morphology. Sufficient water has to be supplied, otherwise the fluorine can
not be completely removed, whereas with higher water pressure (10% at 800 oC, PO2 =
1000 ppm), nucleation occurs everywhere in the film, and the film may lose its epitaxial
texture [175]. In this work, a moderate PH2O = 5.6% was selected, which is considered
to be sufficiently high for water supply, while not so high as to result in non-epitaxial
film.
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20 × 20 mm2 YBCO film was deposited on LAO substrate and crystallized at 820 oC in
humidified gas for 60 min. It is interesting to see that the film is a combination of dark
black YBCO and light grey area at one end (opposite to the gas flow direction). It is
likely that the reaction was not complete in 60 min and the film was only partially
crystallized. The critical current density (Jc) mapping result shown in Figure 2.4
confirms this assumption. As a 10 × 10 mm2 YBCO film can be fully crystallized in 60
min, it can be concluded that the holding time for crystallization is dependent on the
film size.

Figure 2.4 Jc mapping result for 20 × 20 mm2 YBCO film on LAO substrate crystallized
for 60 min in humidified gas flow.

According to the literature [75], the growth rate R of YBa2Cu3O6 during the
crystallization can be described as

R=

VYBCO D g K e X H 2O
4V gas δ g
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where XH2O is the water concentration in atmosphere, VYBCO is the molar volume of
YBCO crystal, Vgas is the molar volume of gas, Dg is the mass diffusivity in the gas
boundary layer, δg is the boundary layer thickness, and Ke is the equilibrium constant for
the reaction to produce the YBCO phase. For fixed experimental parameters, e.g., ramp
temperature and gas flow rate, VYBCO, Vgas, Dg, Ke, and δg can be considered to be the
same, and the growth rate is proportional to the XH2O1/2.

The reaction time is dependent on two-dimensional diffusion along the sample width x
(perpendicular to the gas flow direction) and saturates when the sample width exceeds a
certain value [75]. In this work, the influence of large-area sample width is assumed to
be negligible, as the width (20 mm or 30 mm) exceeds the saturation width. The
distribution of water concentration XH2O on the film surface along the film length
direction, i.e., gas flow direction y, follows an exponential decay, as shown in Figure
2.5. Clearly, the corresponding YBCO growth rate is position dependent, and the
production of YBCO crystal does not finish simultaneously over the whole film, but is
gradually completed from one end to the other along the gas flow direction. Although
the exact holding time can not be calculated, due to the lack of exact factors for this
work, it is easy to predict that longer holding time is required for the fabrication of
large-area YBCO films.

For the 30 × 30 mm2 film, the gas flow rate was increased to 12.8 mm/s to speed up the
reaction, and the temperature ramping period is extended to 100 min. An optical image
of the single-sided 30 × 30 mm2 YBCO film on LAO single crystal substrate is shown
in Figure 2.6. The dark circles in the middle of the photograph are due to the reflection
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of the camera. The LAO substrate is fully covered by shining black YBCO film, and no
macroscopic non-uniformity or cracking can be observed.

Figure 2.5 Schematic model of the moving boundary interface and quasi-steady state.
Each lattice point, expressed as yn, is assumed to represent a width of = 1 mm on the yaxis at the surface of the boundary layer [75].

Figure 2.6 Single-sided 30×30 mm2 YBCO film on LAO single crystal substrate.
(Circles are reflected image of a digital camera.)
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Figure 2.7 shows an XRD pattern for the 30 × 30 mm2 YBCO film on LAO substrate.
The two highest peaks located at 23.46o and 47.98o are the (001) and (002) diffraction
peaks of the LAO substrate. All other peaks can be indexed to the (00l) diffraction of
orthorhombic YBa2Cu3O7-δ (00l) peaks, indicating that the film is pure c-axis oriented,
and the orientation relationship between the film and substrate is YBCO (001) || LAO
(001). No secondary phase peaks can be observed, suggesting that the crystallization is
completed in 100 min.

Figure 2.7 XRD pattern for single-side 30×30 mm2 YBCO film on LAO substrate.

The surface morphology of YBCO film was observed with SEM, as shown in Figure
2.8. The centre, corners, and edges of the film were respectively imaged to study the
film surface uniformity. Clearly, all parts reveal a dense surface and are crack-free.
Black-dot-shaped pinholes are found on the film, which are commonly observed for
MOD-derived YBCO films and considered as pathways for HF gas release during the
crystallization process. A few needle-like a-axis grains can be found on all parts of the
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film. As no (h00) peak is observed in the XRD pattern, it can be concluded that the
amount of a-axis grains is rather small. There is no significant difference to be found in
the different parts of the film, indicating that the film is very uniform, which is very
important for practical device fabrication.

(a)

(b)

(c)

Figure 2.8 SEM images of single-sided 30×30 mm2 YBCO film on LAO substrate: (a)
center; (b) edge; (c) corner.

The Jc mapping of the 30 × 30 mm2 YBCO film is shown in Figure 2.9. The film
thickness, measured by cross-sectional FE-SEM, is about 275 nm, higher than the
default value of 250 nm for the mapping software. The real Jc for the film should be the
product of the displayed Jc and a factor of 0.91, and thus the real Jc is about 4.5
M/cm2MA/cm2, which is reasonably good, and uniformly distributed over the whole
film.
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The microwave surface resistance of the large-area YBCO film is 3.6 µΩ at 77 K, 1
GHz, which is close to the value of 3.5 µΩ (77 K, 1 GHz) for the commercial metalorganic chemical vapour deposition (MOCVD) YBCO films provided by Theva Co..
With these results, it can be concluded that TFA-MOD YBCO film is almost as good as
the ones prepared by the vacuum technique and that the TFA-MOD method is an ideal
alternative technique to offer low-cost and high-quality YBCO films for microwave
application.

Figure 2.9 Jc mapping result for single-sided 30 × 30 mm2 YBCO film on LAO
substrate.

2.2.2 Single-sided YBCO film on CeO2 buffered YSZ substrate

Figure 2.10 shows an XRD pattern for single-sided 30×30 mm2 YBCO film on CeO2
buffered YSZ single crystal substrate. The highest peak, located at around 35.08o,
corresponds to the (002) diffraction of YSZ substrate, and the two smaller peaks at
33.38o and 69.72o are from the (002) and (004) diffractions of the CeO2 buffer layer.
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The presence of two small peaks for BaCeO3 at around 29.01° and 41.46° indicates that
there is a chemical reaction between the YBCO layer and the CeO2 buffer layer which
results in the formation of BaCeO3. All the other peaks can be indexed to (00l)
diffractions of orthorhombic YBCO, confirming that the film is highly c-axis oriented
and that the epitaxial growth of YBCO film is not degraded by the reaction between the
film and the CeO2 layer. The orientation relationship between YBCO and CeO2 is
YBCO (001) || CeO2(002) || YSZ (002).

Figure 2.10 XRD pattern for single-sided 30 × 30 mm2 YBCO film on CeO2 /YSZ
substrate.

The surface morphology of YBCO film on CeO2/YSZ substrate measured by SEM is
shown in Figure 2.11. Compared to the YBCO film on LAO substrate, the a-axis grains
are absent, but more pinholes and granular precipitates can be found on all parts of the
film. The absence of a-axis grains might be attributed to the better lattice match
between the CeO2 buffer layer and the YBCO. The increasing amount of precipitates is
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supposed to be related to the formation of BaCeO3, which consumes barium in the film
and results in more Cu-O compounds. The film displays similar surface structure over
most parts, but at the edge and corner, it shows a relatively porous structure, as shown
in Figure 2.11(c). From our experience, the sputtered CeO2 buffer layer sometimes has
some large outgrowths at the edge of the film, which comes from the split target. The
strong reaction between YBCO and CeO2 outgrowth is considered to be the reason for
the porous structure at the corner.

(a)

(b)

(c)

Figure 2.11 SEM images of single-sided 30 × 30 mm2 YBCO film on CeO2/YSZ
substrate: (a) center; (b) edge; (c) corner.

The Jc mapping result (77 K, self-field) for this film is shown in Figure 2.12. The film
thickness is supposed to be similar to that for YBCO/LAO. Clearly, the Jc values for
most parts of the film are over 4.5 MA/cm2, but on the lower left part, the Jc values
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decrease to less than 1 MA/cm2. Here, it is supposed that the low Jc part corresponds to
area of porous structure in the film. It is clear that high Jc YBCO films can be obtained
by the TFA-MOD method on sputtered CeO2 buffer layers, but the properties of the
YBCO film strongly depend on the CeO2 buffer layer quality.

Figure 2.12 Jc mapping result for single-sided 30 × 30 mm2 YBCO film on CeO2/YSZ
substrate.

The microwave surface resistance, Rs, for this YBCO/CeO2/YSZ film is 7.6 μΩ at 77 K,
1 GHz, larger than that for YBCO/LAO film. As the Jc values for the two films are
close to each other, the difference in Rs values is not caused by the superconducting
properties. The outgrowth and precipitation on the YBCO/CeO2/YSZ film surface,
which increase the film surface roughness, may be the reason for the increased Rs.

2.3.3 Double-sided YBCO film on LAO substrate
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Double-sided large-area YBCO films are favoured for microwave applications such as
microstrip band-pass filters, which need patterned YBCO strip on one side and a ground
plane on the other side. With the dip coating technique and a specially designed furnace
system, it is possible to obtain double-sided YBCO films on double-polished substrates.
In this work, initial attempts to fabricate double-sided YBCO film with a standard tube
furnace are reported.

Optical images of a 30 × 30 mm2 double-side YBCO film on double-polished LAO
single-crystal substrate are shown in Figure 2.13. The dark circles on the photographs
correspond to the reflection of the camera. Most areas on both sides of the film are
covered by shining black YBCO film. The triangle-shaped blank parts at the corners of
both sides are the parts covered by the holder for dip coating, which were not immersed
into the precursor solution. The zigzag shaped blank parts along the edges might result
from the dewetting effect on the precursor film when it was taken out from the solution
in a relatively high-humidity atmosphere (45%). Similar to spin-coated precursor films,
the dip-coated film suffers from high atmospheric humidity. An acceptable relative
humidity for dip coating is considered to be below 40%, similar to that for spin coating.

Figure 2.13 30×30 mm2 double-sided YBCO film on LAO substrate.
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The Jc mapping data (77 K, self-field) for the double-side YBCO film are shown in
Figure 2.14. The film thickness is about 250 nm. Compared to the single-sided films,
the double-side film exhibits rather low Jc on both sides (only about 1 MA/cm2),
although the heat treatment conditions are entirely the same, and the Jc distribution is
not uniform.

Figure 2.14 Jc mapping for 30×30 mm2 double-sided YBCO film on LAO substrate.

A schematic profile of the sample holder used for the double-sided YBCO film is
shown in Figure 2.15. Although the inlet gas flow in the tube furnace is almost linear,
the front edge of the sample holder, which has larger thickness than the film substrate,
may block contact between the gas flow and the film so that the water supply and
removal of HF gas are somehow disturbed. Clearly, modification of the sample holder
to maintain sufficient gas flow and water supply is required for growth of high quality
double-sided YBCO films.
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Figure 2.15 Schematic profile of the sample holder for double-sided film.

2.3 Summary

In this chapter, the results regarding fabrication of large-area YBCO films on LAO and
CeO2/YSZ substrates by the TFA-MOD method are reported. The outcomes of this
work include an understanding of the relationship between the process conditions and
the microstructures of thin films. The mechanisms underlying the key factors of the
TFA-MOD process have been explored and macroscopic models of the development of
grains and phases have been studied. With adjustment of processing parameters such as
gas flow rate and crystallization duration, high quality YBCO films can be obtained. 30
× 30 mm2 large-area single-sided YBCO/LAO film has low Rs of 3.6 μΩ at 77 K, 1
GHz, which is comparable to commercial MOCVD YBCO film. High-Jc YBCO film
can also be obtained on CeO2/YSZ substrate, but the film quality strongly depends on
the CeO2 buffer layer quality. Double-sided YBCO film can be prepared by the dip
coating technique, but modification of the sample holder is still required to improve the
film quality.
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Chapter 3 Preparation and Properties of Binary (Y,RE)BCO
Films by TFA-MOD Method

Currently, second generation tapes based on YBa2Cu3O7 (YBCO) high-temperature
superconductor (HTS) are under worldwide investigation. There are several approaches
to improve the performance of YBCO, including addition of nanoparticles, addition of
rare-earth (RE) elements [116, 119-127], and substitution of other elements for yttrium
[113-116]. For the latter case, it is considered that a partial substitution of other RE
elements for yttrium could disturb the superconductor lattice at the unit cell or sub-cell
level and create coherence-length-scale defects, which could lead to the formation of a
stress field playing a role as pinning center [117, 118].

Metal-organic deposition using trifluoroacetates (TFA-MOD) is very promising for
preparing YBCO coated conductor. It requires no vacuum equipment, so that it is cost
efficient. Moreover, it provides wide flexibility in coating object, high deposition rates,
and precise controllability of compositions. In this chapter, TFA-MOD is used for
preparation of binary Y1-xRExBa2Cu3O7-δ ((Y, RE)BCO, RE = Dy, Eu, Sm, Nd) thin
films on LaAlO3 (LAO) single crystal substrates. The motivation behind this work is to
investigate a simple approach to enhancement of performance of YBCO films by the
partial substitution of rare earth elements for yttrium.

3.2 Experimental
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The chemicals used for precursor solution preparation are listed in Table 3.1. As the
hydration of the rare earth acetates is not clear, thermogravimetric analysis (TGA) was
carried out in air atmosphere with a thermogravimetric analyzer (Mettler Toledo
TGA/DSC1) to determine the amount of molecular water before solution preparation.
Results are shown in Figure 3.1 and the x values were determined to be 3.96, 3.52, 1.37,
and 0.72 for Dy, Eu, Sm, and Nd acetates, respectively.

Precursor solutions were prepared separately for YBCO and REBCO, and the
preparation procedures for the solutions were nearly the same. For example, for the
YBCO solution, acetates with the cation ratio of Y3+: Ba2+: Cu2+ = 1 : 2 : 3 were
dissolved into a mixture of deionized water and trifluoroacetic acid. The solution was
stirred at room temperature for 30 min to make all salts dissolve completely, and then
distilled under decompression to obtain refined blue residual gels. The gel was
dissolved in methanol and then distilled under decompression again. The distillation and
dissolution processes were repeated three times to remove the impurities such as water
and acetic acid. Finally, the gel was dissolved in methanol to abtain an YBCO solution
with cationconcentration of 1.5 M. As for the REBCO precursor solution, the yttrium
acetate was simply replaced by RE acetate, and other steps were not changed.

To obtain precursor solutions for (Y,RE)BCO or (Y,Ca)BCO, the 1.5 M YBCO solution
was mixed with the 1.5 M REBCO solution, and then stirred for 2 h at room
temperature. The cation ratio of Y3+ : RE3+ was controlled by adjusting the volume of
the solutions, e.g., 9 ml YBCO solution and 1 ml DyBCO solution were mixed to obtain
(Y,Dy)BCO solution with x = 0.1.
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Table 3.1 Chemicals used for (Y,RE)BCO precursor solution preparation.
Name

Formula

Purity

Manufacturer

Yttrium acetate terahydrate

Y(C2H3O2)3·4H2O

99.99%

Alfa Aesar

Dysprosium acetate hydrate

Dy(C2H3O2)3·xH2O

99.99%

American Elements

Europium acetate hydrate

Eu(C2H3O2)3·xH2O

99%

Sigma Aldrich

Samarium acetate hydrate

Sm(C2H3O2)3·xH2O 99%

Alfa Aesar

Neodymium acetate hydrate

Nd(C2H3O2)3·xH2O

99%

Sigma Aldrich

Barium acetate

Ba(C2H3O2)2

99%

Sigma Aldrich

Copper acetate monohydrate

Cu(C2H3O2)2·H2O

99%

Sigma Aldrich

Trifluoroacetic acid

C2HO2F3

99%

Sigma Aldrich

Methanol, absolute

CH4O

99%

Sigma Aldrich

Figure 3.1 TGA results for rare earth acetates.

The precursor solutions were coated on LaAlO3 (001) single crystal substrates by spin
coating with a spin rate of 4000 rpm for 60 s. The precursor films were first calcined at
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380 oC in flowing oxygen, then sintered at 820 oC in 1000 ppm oxygen/argon, and
finally annealed at 450 oC in pure oxygen gas flow.

X-ray diffraction (XRD) (X’Pert MMD, PANalytical) and scanning electron
microscopy (SEM) (JOEL 6460) were used to investigate film crystallinity and surface
morphology. The superconducting properties of the samples were examined by a
Quantum Design Physical Properties Measurement System (PPMS). Critical current
density (J c ) was calculated from the height of the magnetization loop using Bean’s
model

J c ( B) =

20∆M ( B)
a
a (1 − )
3b

where ΔM is the vertical width of the magnetization hysteresis loop (emu cm-3), and a
and b (cm) are the cross-sectional dimensions of the sample perpendicular to the applied
field, with b ≥ a.

3.3 Results and Discussion
3.3.1 Properties of (Y,Dy)BCO films

The XRD theta/2 theta scan results for (Y,Dy)BCO films are shown in Figure 3.1. For
all samples, the two highest peaks located at 23.46° and 47.98° are the (001) and (002)
diffraction peaks of LAO substrate, and the two small peaks at 21.19° and 43.12°
correspond to the k β diffraction of LAO (001) and (002). After a nickel filter was
applied for the x = 0.4 sample, the kβ diffraction peaks were absent from the pattern.
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All other peaks can be indexed to the (00l) diffraction of orthorhombic (Y,Dy)BCO,
indicating that all (Y,Dy)BCO films are highly c-axis oriented, and the orientation
relationship between the film and the substrate can be determined as (Y,Dy)BCO (001)
|| LAO (001). There is no peak separation for (Y, Dy)BCO (00l) peaks, and no
undesired impurity peaks, which means that the Dy element occupies Y site and forms
Y1-xDyxBa2Cu3O7 solid solution films.

Figure 3.2 XRD patterns for (Y,Dy)BCO films on LAO substrates.

In order to obtain the lattice parameter the (006) peak positions for (Y,Dy)BCO films
were calculated by Gaussian fitting. The c-axis lattice parameters for the films are
calculated by using the (006) peak in Bragg’s equation

2d sin θ = nλ
where d is the spacing between the atomic planes in the lattice, θ is the x-ray incident
angle, n is an integer, and λ is the wavelength of incident x-ray beam. The calculated
results are listed in Table 3.2. The variation of the (006) peak position for all films is
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±0.01°, which is within the equipment error range, and the calculated c-axis lattice
parameters are around 11.67 Å for all samples. The c-axis lattice parameter is not
significantly changed by the Dy substutition, possibly because the ionic radius variation
between Dy3+ and Y3+ is not large.

Table 3.2 (006) peak positions and c-axis lattice parameters for (Y,Dy)BCO films.
x

0

0.1

0.2

0.3

0.4

0.5

(006) peak position (°)

46.69

46.68

46.68

46.68

46.68

46.68

c (Å)

11.66

11.67

11.67

11.67

11.67

11.67

The texture of (Y,Dy)BCO films were measured by (003) and (103) pole figures. The
results are shown in Figure 3.3. Generally, the peaks in a (hkl) pole figure correspond to
the {hkl} plane of the grains of the film, and the peak position, which is determined by
sample rotation angle phi and sample inclined angle psi, represents the directional
relatipnship between the [hkl] direction of the grains and the sample surface. For the
(003) pole figure shown in Figure 3.3, the single peak located at the center (psi = 0) of
the pole figure represents the (Y,Dy)BCO grains which have (003) planes perpendicular
to the normal direction (psi = 0) of the film. No other peak is observed in the same pole
figure, suggesting that the (003) planes of all (Y,Dy)BCO grains in the film are parallel
to the normal direction of the film, i.e., the c-axes of all grains are parallel to the same
direction. c-axis alignment of the grains, parallel to the normal direction of the film
surface, is defined as “out-of-plane” texture. For the (103) pole figures shown in Figure
3.3, the four peaks are located at about psi = 45°, with 90° rotational symmetry on the
phi circle. For orthorhombic (Y,Dy)BCO, there are four equal {103} planes. The 90°
rotational symmetry on the phi circle perfect matches the four {103} planes, indicates
56

that the (103) planes of the (Y,Dy)BCO grains of the films are parallel to each other. As
the c-axis alignment has been confirmed by (003) pole figure analysis, it can be further
known that the [100] directions of all the grains are parallel to each other. This a-axis
alignment, which is parallel to the film surface, is defined as “in-plane” texture. And it
can be easily concluded that both the YBCO and the (Y,Dy)BCO (x = 0.5) films have
excellent out-of-plane and in-plane textures, i.e., films are highly biaxially textured, and
the epitaxial growth of the film is not destroyed by the substitution of Dy at Y sites.

a

Measured PF 103

b

Measured PF 003

c

Measured PF 103

d

Measured PF 003

Figure 3.3 (103) and (003) pole figures for YBCO film (a, b) and x = 0.5 (Y,Dy)BCO
film (c, d).

The surface morphology of (Y,Dy)BCO films, as imaged in SEM top view, is shown in
Figure 3.4. All films reveal a dense surface, and no cracks can be observed. Typical
TFA-MOD c-axis oriented YBCO microstructure features a flat surface together some
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small hills and round pin-holes, and this is seen for all samples. A few needle-like aaxis grains can be found on the surface for x = 0.2 and 0.3 films, but the total amount is
very small, and it is supposed that these grains will not significantly influence the
superconducting properties. It is interesting to see that the amount of pinholes is slightly
decreased with increasing Dy content, suggesting that the Dy substitution probably
helps to densify the film.
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(a)

(c)

(

b)

(d)

(e)

Figure 3.4 SEM images of (Y,Dy)BCO films: (a) x = 0.1; (b) x = 0.2; (c) x = 0.3; (d) x
= 0.4; (e) x= 0.5.

The Tc,onset values for (Y,Dy)BCO films were determined from temperature dependent
magnetization measured in zero-field-cooling (ZFC) mode. All the samples maintain Tc
around 91 K. No significant change has been found between the pure YBCO and the
(Y,Dy)BCO samples. This is possibly due to the close Tc values for pure YBCO and
DyBCO.
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The working temperatures for HTS devices and wires are usually at 77 K (boiling point
of liquid nitrogen) and 65 K (boiling point of liquid nitrogen under vacuum), so the
dependences of Jc on the applied magnetic field for (Y,Dy)BCO films have been
measured at these two temperatures, and the results are shown in Figure 3.5. The
applied magnetic field is parallel to the c-axis of each film. At both temperatures, with
increasing magnetic field, all samples show a similar behavior: at low field there is a
small plateau at which Jc is nearly constant, followed by a power-law decay ( J c ∝ B −α )
region at intermediate field, and finally a precipitous decay of Jc at high field. The selffield Jc values for all samples are listed in Table 3.3. Clearly all of them are well above
2.5 MA/cm2 at 77 K and 4.9 MA/cm2 at 65 K, which are reasonably good for TFAMOD films. However, no clear dependence can be found between Jc and Dy content. It
is notable that the x = 0.2 sample shows the highest self-field Jc at both temperatures,
almost 20% larger than for the pure YBCO film. It is proposed that this composition
(Y0.8Dy0.2Ba2Cu3O7) may work as a good candidate for microwave application, which
requires high Jc at self field.

The exponent α for the power-law region is calculated by linear fitting of the log(Jc) −
log(B) curve for all the samples to quantitatively describe the decaying tendency of Jc at
intermediate field, and the results are listed in Table 3.3. It can be clearly seen that at
both temperatures, with increasing Dy content, the α value decreases gradually, i.e., the
decreasing tendency of Jc is slightly suppressed by Dy substitution, which introduces
additional pinning centers into the films.
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Figure 3.5 Field dependence of Jc at 77 K (top) and 65 K (bottom) for (Y,Dy)BCO
films.
Table 3.3 Self field Jc (MA/cm2) and α values for (Y,Dy)BCO films at 77 K and 65 K.
x

0

0.1

0.2

0.3

0.4

0.5

Jc (77 K)

3.1

2.9

3.8

2.7

3.4

2.5

Jc (65 K)

5.7

5.5

6.7

4.9

5.7

6

α (77 K)

0.79

0.79

0.78

0.78

0.74

0.71

α (65 K)

0.66

0.65

0.65

0.65

0.64

0.61
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According to the literature [117, 118, 176], the enhanced pinning performance is
ascribed to local strain fields associated with the ionic radius variation. The increased
ion size variance leads to random displacement of oxygen ions from their
crystallographic positions [177], and localized strain fields associated with the ion size
variantion cause localization of electrons around Cu-O planes [178]. These localized
strain fields are distributed in the film and act as random point pinning centers. The
mean ionic radius rA and the ionic radius variation σ2 of (Y,RE)BCO films are
calculated as

rA = rY * (1 − x) + rRE * x

σ 2 = ∑ y i ri 2 − rA 2
where rY and rRE are ionic radius of Y3+ and of the RE3+, x is the RE content, and yi is
the mole fraction of ion i. For the (Y,Dy)BCO films, the ion sizes of Dy3+ and Y3+ are
1.027 Å and 1.019 Å, respectively. Calculated rA and σ2 values are listed in Table 3.4.
With increasing Dy content x, rA and σ2 for the (Y,Dy)BCO film increase, and thus the
pinning caused by the localized strain fields is enhanced as well. This is consistent with
the tendency towards decay of the films. In a previous report [176], the pinning strength
for local strain fields is determined by the ion size variance. Since σ2 for Y3+ and Dy3+ is
small, the local strain field pinning in the (Y,Dy)BC) films is not strong. This is
possibly the reason for the slight enhancement of in-field performance.

Table 3.4 Mean ionic radius and ion size variance for (Y,Dy)BCO films.
x

0

0.1

0.2

0.3

0.4

0.5

rA (Å)

1.019

1.020

1.021

1.021

1.022

1.023

0.58

1.0

1.3

1.5

1.6

σ2(10-5Å2) 0

62

The Dew-Hughes model is a commonly used tool to characterize the pinning
mechanism in type II superconductors. According to this model [179], the volume
pinning force (Fp) for a type II superconductor, which is calculated as
Fp = J c × B ,

can be expressed as

F p = Kb p (1 − b) q
where
b = B / Birr

p and q are parameters that depend on the type of pinning centers, and K is a constant.
The relationship between parameter (p and q) values and the pinning center type is
given in Table 3.5.

Table 3.5 Parameter values and peak position of Fp for Dew Hughes model [179].
Pinning center

p

Q

Peak position of Fp

Volume (normal)

0

2

―

Volume (ΔTc)

1

1

b = 0.5

Surface (normal)

1/2

2

b = 0.2

Surface (ΔTc)

3/2

1

b = 0.6

Point (normal)

1

2

b = 0.33

Point (ΔTc)

2

1

b = 0.67

For the (Y,Dy)BCO films, the irreversibility field, Birr, is determined from the
extrapolation of the linear parts of Fp in the high-field regime to zero field, as shown in
Figure 3.6. The normalized Fp vs. b curves for all the samples are shown in Figure 3.7.
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Clearly, the Fp curves for these samples can’t be fitted by a single type of pinning. The
Fp peaks for all samples vary between 0.2 and 0.33, indicating that both normal surface
pinning and normal point pinning are effective in these films. This is easy to understand,
as in TFA-MOD REBCO films, there are naturally grown defects, e.g., grain boundaries,
stacking faults, dislocations, secondary phase precipitation, and oxygen deficiency,
which can work as surface pinning centers and point pinning centers. The local strain
field pinning is considered as random point pinning. However, the pinning strength is
not strong enough to be dominant, and thus the Fp curve shows no significant
dependence on the ionic size variance, especially for the data measured at 65 K with
higher accuracy.

Figure 3.6 Determination of Birr by extrapolation.

64

Figure 3.7 Normalized pinning force v.s. normalized field curves for (Y,Dy)BCO films.

According to the discussion above, in contrast to the results on Dy-substituted YBCO
films prepared by the pulsed laser deposition (PLD) technique, the local strain field
pinning caused by Dy substutition in TFA-MOD (Y,Dy)BCO films is not so significant.
Similar results have been reported for TFA-MOD (Y,Ho)BCO films [180]. One of the
possible explanations for these results is that the ionic radii of Y and Dy are quite close
to each other and the strain induced by the lattice differences is not very large. With
these concerns, it is interesting to see if stronger local strain pinning can be introduced
65

into the YBCO film by substitution of Y by RE elements which have larger ion size
differences from Y3+.

3.3.2 Properties of Y2/3 RE1/3Ba2Cu3O7-δ (RE = Nd, Eu, Sm) films

The substitution of Y by Dy in TFA-MOD YBCO films does not cause significant
improvement of the in-field performance. The small ionic radius difference is
considered as the possible reason. Thus, the rare earth elements Eu, Sm, and Nd with
larger ionic radius (1.066, 1.079, and 1.109 Å, respectively) were selected to replace Dy
to see if the large ionic radius would lead to significant change. For the sake of easy
description, (Y,Eu)BCO film is denoted as YEu, and so forth.

XRD theta/2 theta patterns for (Y,RE)BCO films are shown in Figure 3.8. The two
highest peaks located at 23.46° and 47.98° correspond to the (001) and (002)
diffractions of LAO substrate. All the other peaks can be indexed to the (h00) and (00l)
diffractions of an orthorhombic (Y,RE)BCO phase. The YEu and YNd samples have
shown no (h00) peaks, whereas the YSm film has a very small (200) peak at 47.40°.

The (006) peak positions for (Y,RE)BCO films, obtained by Gaussian fitting of the
XRD patterns, are 46.62°, 46.61°, and 46.61° for YEu, YSm, and YNd samples,
respectively. The c-axis lattice parameters, calculated from the (006) peaks by Bragg’s
equation, are 11.68 Å for all samples, slightly larger than for pure YBCO (c = 11.66 Å,
calculated result in Table 3.2). For the YSm sample, an a-axis lattice parameter of a =
3.83 Å can be obtained from the (200) peak, which is also larger than that of pure
YBCO (3.82 Å, PDF89-6049). According to these results, it can be clearly seen that the
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RE substitution in the YBCO grains results in tensile deformation along both the c-axis
and the ab-plane.

Figure 3.8 XRD patterns for (Y,RE)BCO films.

Surface morphology of (Y,RE)BCO films is displayed in Figure 3.9. Compared to TFAMOD YBCO, the (Y,RE)BCO films are more smooth and dense. The amounts of round
hills and pinholes are clearly significantly decreased with increasing RE ionic radius. A
few needle-like a-axis grains and pinholes appear on all films, although the amount
decreases with increasing RE ionic radius. However, some large outgrowths can be
found on the YSm and YNd films, which may be associated with the increased lattice
mismatch.
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(a)

(b)

(c)

Figure 3.9 SEM images of (Y,RE)BCO films. (a) YEu; (b) YSm; (c) YNd.

The magnetic moment versus temperature curves are displayed in Figure 3.10. The
onset Tc for the (Y,RE)BCO films is 90.5 K, 90.3 K, and 88.5 K for YEu, YSm, and
YNd, respectively. Generally, the suppression of Tc in the Y-123 system is often
associated with oxygen deficiency, however, in this work, all samples have been
annealed in oxygen gas flow under the same conditions, and YEu and YSm films have
shown reasonably good Tc values over 90 K, so the low Tc for the YNd sample should
not be attributed to the lack of oxygen. According to the literature [181-183], Nd-123
single crystal, bulk, and film often suffer from the substitution of Ba by Nd, which
results in the formation of Nd-rich compounds and decreased Tc. In this work, it is
supposed that the low Tc for the YNd sample should be attributed to the replacement of
Ba by Nd.
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Figure 3.10 Moment vs. temperature for (Y,RE)BCO films.

The field dependence of the Jc at 77 K and 65 K for (Y,RE)BCO films is shown in
Figure 3.11. At both temperatures, all samples show a plateau at which Jc is nearly a
constant, followed by a power-law decay ( J c ∝ B −α ) region at intermediate field, and
finally, a precipitous decay of Jc at high field. For easy comparison, the self-field Jc and
the exponent α for the power-law region for all the (Y,RE)BCO samples are listed in
Table 3.6. Clearly, the YNd film has the smallest Jc over all fields, which is possibly
due to the Nd in Ba sites. In the plateau region, a pure YBCO film and a YEu film show
similar self-field Jc behaviour, whereas an YSm film has a much lower Jc. it is supposed
that a-axis grains in the YSm film are responsible for the suppression of self-field Jc. At
intermediate field, YEu and YSm films have significantly larger Jc, and α values are
smaller than for the pure YBCO, i.e., the decay of Jc for YEu and YSm films is less
rapid than for pure YBCO. For example, at 0.5 T, the Jc (77 K) values are 0.76, 0.58,
and 0.55 MA/cm2 for YEu, YSm, and YBCO films, respectively. The difference in Jc
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reveals significant improvement of in-field performance. The pinning enhancement is
also supposed to be associated with the local strain fields caused by RE substitution.

Figure 3.11 Field dependence of Jc for (Y,RE)BCO films at 77 K (top) and 65 K
(bottom).
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Table 3.6 Self-field Jc (MA/cm2) and α values for (Y,RE)BCO films.
Sample

Pure YBCO

YEu

YSm

YNd

Jc (77 K)

3.1

2.9

1.6

0.6

Jc (65 K)

5.7

≥5.5

3.4

1.6

α (77 K)

0.79

0.75

0.75

0.78

α (65 K)

0.66

0.65

0.63

0.69

The ionic radius for Eu3+ and Sm3+is 1.066 and 1.079 Å, respectively. The mean ionic
size rA for YEu and YSm films is 1.035 and 1.039 Å, whereas the ionic radius variance
σ2 for the two films is 5×10-4 and 8×10-4 Å2, respectively. The larger σ2 value for YSm
film results in stronger local strain field pinning, and thus, in intermediate field, Jc
decays more slowly for YSm film than for YEu film.

The Dew-Hughes model [179] was applied to see if there is a pinning mechanism
change for the the (Y,RE)BCO films. Curves of normalized pinning force Fp vs.
normalized field b at 77 K and 65 K are shown in Figure 3.12. The solid line and the
dotted line represent normal surface pinning and normal point pinning, respectively.
Clearly, at 77 K, the surface pinning seems to be the dominant pinning for the low-field
region, and both surface pinning and point-like pinning are effective at higher field; at
65 K, the surface pinning is dominant in the low-field region, and the point pinning is
dominant at higher field. Fp curves for pure YBCO and (Y,RE)BCO films show a
similar shape, although the Jc behaviors are quite different. It is supposed that the local
strain field pinning induced by RE substitution is relatively weak pinning compared to
the pinning from secondary phase doping, e.g., BaZrO3 [128] and BaSnO3 [184], so
although local strain field pinning improves the in-field performance for the
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(Y,RE)BCO films, it is not the predominant pinning type and unable to make any
significant change in the Fp curve. However, (Y,RE)BCO can be considered as the basic
compound, and additional pinning centers can be introduced by secondary phase doping,
e.g., Zr addition [128], to further improve the in field performance.

Figure 3.12 Normalized Fp vs. normalized field b for (Y,RE)BCO films at 77 K (top)
and 65 K (bottom).
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It has to be said that the current processing parameters for (Y,RE)BCO still need to be
optimized. According to the literature [185], the optimum processing conditions for
REBCO films are shifted to higher temperature and lower oxygen partial pressure than
for YBCO. It is very likely that the binary solid solution (Y,RE)BCO films require
different processing conditions to achieve the best film quality. For example, suitable
processing conditions that can suppresss the Nd substitution in Ba sites is required for
YNd film, and elimination of a-axis grains in YSm film is also necessary to improve the
film quality.

3.3 Summary

Biaxially textured (Y,Dy)BCO films have been grown on (00l) LAO single crystal
substrates by the TFA-MOD method. The epitaxial growth is well maintained with up
to 50% Dy substitution. The Jc decay at intermediate field is slightly suppressed by Dy
substitution. The ionic size variance, which determines the local strain field pinning
strength, is small for the (Y,Dy)BCO film, as ionic radii of Y3+ and Dy3+ are close to
each other, so the pinning enhancement is not significant.

Highly c-axis oriented (Y,RE)BCO (RE = Eu, Sm, Nd) films were prepared on LAO
substrates by the TFA-MOD method as well. The YNd film shows a relatively low Jc
over all fields, possibly due to the existence of Nd-rich compounds which suppress Tc
significantly. The YEu and YSm films show higher Jc at intermediate field compared to
pure YBCO, owing to the larger ionic size variance between Y and Eu/Sm. RE
substitution at Y sites is proved to be an effective route to improve the in-field
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performance, however, processing condition optimization needs to be considered to
further improve the film quality.
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Chapter 4 Fabrication of (Nd,Eu,Gd)BCO Films by TFAMOD Method

Over the past several years, the rare-earth barium copper oxide superconducting
materials REBa 2 Cu 3 O 7-δ (REBCO, where RE =

Sm, Eu, Nd, Dy, Gd, etc) have

attracted great attention, as they have higher superconducting transition temperatures
(T c ) and better field performance compared to the commonly used YBCO. Besides the
single rare earth element superconducting compounds, mixed REBCO compounds, such
as (Nd,Eu,Gd)BCO and (Nd,Sm,Gd)BCO, have also shown superior performance in
melt processed bulk samples for levitation [186, 187]. It is interesting to explore
whether the enhanced superconducting properties of these bulk materials can be
translated to thin film form, as coated conductor and microwave application require
epitaxial films. However, up to now, there are only a few reports on the Nd, Eu, Gd
(NEG)-123 films, and all of them were achieved by off-axis laser deposition [188, 189].

Metal-organic deposition using trifluoroacetates (TFA-MOD) is one of the most
promising techniques for the fabrication of high quality REBCO superconducting films,
due to its low cost and high flexibility in large-scale application. In this chapter,
preliminary efforts on the fabrication of Nd 1/3 Eu 1/3 Gd 1/3 Ba 2 Cu 3 O 7 (NEG-123) films by
the TFA-MOD method are reported.

4.1 Experimental
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Chemicals used the precursor solution preparation for NEG-123 films are listed in Table
4.1. As the hydration of the rare earth acetates is not clear, thermogravimetric analysis
(TGA) was carried out in air atmosphere with a thermogravimetric analyzer (Mettler
Toledo TGA/DSC1) to determine the amount of molecular water before solution
preparation. Results are shown in Figure 4.1 and the x values were determined
determined as 0.72, 3.52, and 3.47 for Nd, Eu, and Gd acetates, respectively.

Table 4.1 Chemicals used for NEG-123 precursor solution preparation.
Name

Formula

Purity

Manufacturer

Neodymium acetate hydrate

Nd(C2H3O2)3·xH2O

99%

Sigma-Aldrich

Europium acetate hydrate

Eu(C2H3O2)3·xH2O

99%

Sigma-Aldrich

Gadolinium acetate hydrate

Gd(C2H3O2)3·xH2O

99%

Sigma-Aldrich

Barium acetate

Ba(C2H3O2)2

99%

Sigma-Aldrich

Copper acetate monohydrate

Cu(C2H3O2)2·H2O

99%

Sigma-Aldrich

Trifluoroacetic acid

C2HO3F3

99%

Aldrich

Methanol

CH4O

99%

Sigma-Aldrich

Figure 4.1 TGA results for precursor rare earth acetates.
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In order to make the precursor solution, the acetates with a cation ratio of Nd3+ : Eu3+ :
Gd3+ : Ba2+ : Cu2+ = 1/3: 1/3 :1/3: 2: 3 were dissolved in a mixture of deionized water
and TFA acid, and stirred at room temperature for 30 min to ensure that all salts
dissolved completely. The solution was distilled under depression to yield a blue gel.
The residual gel was dissolved in methanol and then distilled again. This distillation and
dissolution processes were repeated three times to remove water and other impurities.
Finally, the solution was diluted to 1.5 M cation concentration with methanol.

5 × 5 mm2 LAO single crystal substrates were ultrasonically cleaned in ethanol for 5
min and dried under flowing nitrogen gas before coating. The precursor solution was
spin coated onto the substrates with a rotation rate of 4000 rpm for 1 min. The precursor
films were dried at 70 °C in air on a hot plate for 5 min, and then inserted into a quartz
tube furnace.

The dried precursor films were firstly calcined at 380 °C in flowing oxygen, and then
crystallized in commercial high purity argon (BOC, Australia) with 3 ppm oxygen
partial pressure (PO2). The crystalization temperatures were changed from 780 °C to
850 °C. Crystallized films were annealed in flowing oxygen at 450 °C for 90 min to
form the superconducting NEG-123 phase.

Orientation and texture of the films were studied with X-ray diffraction (X’Pert,
PANalytical). The surface morphology and film thickness were measured by fieldemission scanning electron microscopy (FE-SEM, JOEL 7500FA). Raman scattering
spectroscopy was performed on a confocal laser Raman spectrometer (HORIBA Jobin
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Yvon) at room temperature in air atmosphere with a 20 mW 632.8 nm wavelength Ar+
laser for excitation. The superconducting properties (Tc and Jc) were measured with a
physical properties measurement system (PPMS, Quantum Design).

For the sake of easy description, the sample crystallized at 780°C is denoted as
NEG780, and so forth.

4.2 Results and Discussion

In contrast to from the numerous and widespread studies of YBCO films grown by the
TFA-MOD method, there are only limited reports on TFA-MOD methods for REBCO
films. Among these works, 133 nm thick, highly c-axis oriented NdBCO films with J c
of 3.4 MA/cm2 (77 K, self-field) were obtained with a crystallization temperature of
800 oC at P O2 = 5 ppm, although a-axis grains were detected by XRD [190]. In another
work, 180 nm thick, highly c-axis oriented GdBCO films with J c of 2.9 MA/cm2 (77 K,
self-field) were prepared with a crystallization temperature of 825 oC at P O2 = 10 ppm
[185]. It is clear that the optimal conditions for the growth of c-axis oriented REBCO
films shift to lower P O2 and higher crystallization temperature compared to the growth
of YBCO films. For the ternary NEG-123 films, we inferred that the epitaxial growth
would require similar critical conditions. Thus, in this work, the commercial gas
described as “high purity argon” which contains 3 ppm oxygen by the specifications of
the gas supplier was used to achieve low oxygen partial pressure for the crystallization
of NEG-123 films.

78

The XRD theta/2 theta patterns for the NEG-123 films with different crystallization
temperatures are shown in Figure 4.2. It is clearly seen that except for the two highest
peaks at 23.46° and 47.98°, which correspond to the (001) and (002) diffractions of
LAO substrate, all the other peaks can be indexed to the (h00) and (00l) diffractions for
orthorhombic NEG-123. It is notable that the films crystallized at 780 °C, 800 °C, and
850°C have (100) and (200) peaks, whereas the films crystallized at 800-840 °C display
(00l) peaks only. This result indicates that the crystallization temperature window for
growth of pure c-axis oriented NEG-123 films at PO2 = 3 ppm is between 810°C and
840°C.

Figure 4.2 XRD patterns for NEG-123 films crystallized at different temperatures.

The lattice parameters for NEG-123, calculated from the (200) and (005) peaks for the
film crystallized at 800 °C, are a = 3.85 Å, and c = 11.70 Å, respectively. The lattice
parameter for LAO substrate, calculated from the LAO (002) peak in the same
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diffraction pattern, is 3.79 Å. The ab-plane lattice mismatch between NEG-123 and
LAO is calculated as
(aLAO-aNEG)/aLAO×100% = -2.9%.
This value is larger than that between YBCO and LAO (about -1.7%).

In general, the homogeneous and heterogeneous nucleation energy barriers can be
described as
*
∆Ghom
o =

16πγ 3
3(∆Gv ) 2

*
∆Ghetero
=

16πγ 3
f (θ )
3(∆Gv ) 2

Where ΔGv is the driving force for crystallization, γ represents the interfacial energy,
and f(θ) is a function of the contact angle θ
f (θ ) = (1 − cos θ ) 2 (2 + cos θ ) ,

Clearly, f(θ) decreases with increasing cos θ, i.e., f(θ) decreases with decreasing θ, and
the contant angle θ increases with increased lattice mismatch.

For this work, the lattice mismatch between NEG-123 and LAO is larger than that
between YBCO and LAO, so the energy barrier for the heterogeneous nucleation of
NEG-123 grains at the interface is closer to that for the homogeneous bulk nucleation in
the film. Thus, in order to achieve epitaxial growth, a smaller driving force is required
for NEG-123 films to enlarge the energy barrier difference and suppress the undesired
bulk nucleation. In the TFA-MOD process, the crystallization driving force strongly
depends on PO2 and the crystallization temperature. Both low PO2 and high
crystallization temperature can reduce the driving force. This is supposed to be one of
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the possible reasons that the crystallization conditions for NEG-123 film are different
from those of pure YBCO.

An excellent biaxial texture is a crucial requirement for the fabrication of REBCO films,
as current transport suffers from weak-links at grain boundaries. To determine the
texture of NEG-123 films, a pole figure for the (103) peak of NEG820 film was
determined, and the results are shown in Figure 4.3. Clearly, there are only four peaks
located at the circle with psi = 45o, corresponding to the four equal {103} planes of the
(00l) oriented NEG-123 grains. No other peaks can be observed, which suggests the
absence of randomly oriented grains in the film. Clearly, the NEG820 film has an
excellent in-plane texture.

Phi=90

0
444

Phi=45

887
1331
1774
Phi=0

2218
2662
3105
3549
3992

Reflection: 1 0 3

4436

Figure 4.3 (103) pole figure for a NEG820 film.

Omega scans for the NEG820 film (005) peak and phi scans for the (103) peak were
conducted for a quantitative description of the film texture, and the results are displayed
in Figure 4.4 and Figure 4.5. The full-width-at-half-maximum (FWHM) value
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calculated by Gaussian fitting for the omega scan of the NEG820 (005) peak is 0.94°, in
which the low value indicates that there is excellent out-of-plane alignment. A four-fold
symmetry is shown in the phi scan of the (103) peak, and the FWHM value for the phi
scan is 1.34° (defined as the average of four FWHM values of phi peaks, calculated by
Gaussian fitting), revealing excellent in-plane alignment. According to these XRD
results, it can be confirmed that the NEG820 film has highly biaxial texture.

Figure 4.4 (005) omega scan pattern for NEG820 film.

Figure 4.5 (103) phi scan pattern for NEG820 film.
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Raman spectroscopy is known as an effective tool for chemical and structural
characterization of high temperature superconductor (HTS) materisls. The Raman
scattering spectra for NEG-123 films crystallized at 810-840 oC are shown in Figure 4.6.
For all of the films, the highest peak located at 315 cm-1 (B1g) corresponds to the out-ofplane vibration of O(2)-O(3) oxygen atoms in the CuO2 plane for orthorhombic NEG123 [191]; peaks located at about 225, and 581 cm-1, respectively, are known as defectinduced Raman peaks, originating from the oxygen chains which are not fully occupied
[192, 193]. The appearance of these two peaks reveals that the NEG-123 films are
oxygen deficient under the present processing conditions. It is proposed that longer
oxygen annealing time and higher annealing temperature are necessary to reduce the
oxygen deficiency. The broad low peak located at around 501 cm-1 comes from the
apical oxygen O(4) [191, 192], suggesting the existence of a-axis oriented NEG-123
grains in the film. However, the amount of a-axis grains should be rather small, as they
cannot be detected from XRD, and the peak height in the Raman scattering is very low.

Figure 4.6 Raman scattering spectra for NEG-123 films crystallized at 810-840 °C.
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The surface morphology for NEG-123 films, observed by FE-SEM top view, is shown
in Figure 4.7. It can be seen clearly that the surface morphology of NEG-123 films
strongly deponds on the crysatillization temperature. Many needle-like a-axis grains can
be observed on the NEG780, NEG800, and NEG850 films, consistent with the existence
of (100) and (200) peaks in the XRD patterns shown in Figure 4.2. The NEG810 sample
reveals a flat surface with some square voids, and no pinholes can be found. This
microstructure appears to be a typical structure for c-axis oriented TFA-MOD NEG-123
films, which is different from the typical structure of a c-axis oriented TFA-MOD
YBCO films, that is, a flat surface with holes and hills. NEG820, NEG830, and
NEG840 films reveal relatively rough surfaces. Granular particles, pinholes, and large
outgrowths can be easily found on these films. The dramatic change in the surface
morphology is very likely to be associated with the change in the crystallization
temperature.
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NEG780

NEG800

NEG810

NEG820

NEG830

NEG840

NEG850

Figure 4.7 SEM images of NEG-123 film.
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The superconducting transition temperatures (Tc) of the NEG-123 films were
determined from zero-field cooling magnetization vs temperature measuremenst. The
onset Tc vs. crystallization temperature curves are shown in Figure 4.8. The highest Tc
of 90.5 K appears for the NEG810 sample. It is notable that an increase in the
crystallization temperature results in a significant decrease in Tc. As all samples were
annealed in flowing oxygen gas under same conditions after crystallization, oxygen
deficiency, which is often considered a factor governing the Tc value in the REBCO
system, is not likely to be the main reason for the low Tc values for these NEG-123
samples. One possible reason for the deterioration of Tc is substitution into barium sites
by the rare earth element, i.e., Nd, which can suppress the Tc significantly. This has
been widely reported for NdBCO crystals, bulks, and films [181-183]. The lowest Tc
also occurs at the highest crysatllization temperature, suggesting that RE substitution
into Ba sites in MOD NEG-123 films is promoted by a higher crystallization
temperature. In this case, besides texture formation, suppression of RE substitution must
be considered as well in proper crystallization temperature selection. In this work, it can
be concluded that the optimal crystallization temperature window at PO2 = 3 ppm for
NEG-123 films is only around 810 oC.
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Figure 4.8 The relationship between onset Tc and crystallization temperature for NEG123 films.

The field dependence of Jc (Jc vs. B) at 77 K and 65 K for a NEG-123 film fired at
810°C is shown in Figure 4.9. Although the Tc value for the NEG810 film is over 90 K,
the Jc values are not so satisfactory. The Jc values under self field are 0.19 MA/cm2 and
0.46 MA/cm2 at 77 K and 65 K, respectively. The in-field performance of the NEG810
film is also different from those of the NEG-123 films prepared by off-axis laser
deposition. At low field, the Jc of the NEG810 film decreases slightly with a plateaulike behaviour, and then it follows an arc-like decay curve at higher field, whereas the
laser deposited NEG-123 films reveal clear power law decay ( J c ∝ B −α ) after the
plateau region. According to the literature [194], the absence of power law decay at
intermediate field is an indication of the existence of random particle pinning in the film.
Stress field pinning, which is caused by rare earth element substitution in the NEG-123
film, is considered as random non-correlated disorder like point defects, which would
result in power-law decay at intermediate field. So, in the NEG810 film, there should be
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randomly distributed secondary particles formed in the MOD process, which are
responsible for the arc-like decay of Jc under intermediate field.

Figure 4.9 Field dependence of Jc for NEG810 film at 77 K and 65 K.

To characterize the pinning mechanism in the NEG810 film, the pinning force density
Fp = J c × B

is calculated, and the normalized F p as a function of reduced field

b = B / Birr is plotted, as shown in Figure 4.10. The B irr is determined by extrapolation

of the linear parts of F p in the high-field regime to zero. According to the Dew-Hughes
model, F p can be described as F p = Kb p (1 − b) q , where b is reduced field, K is a
contant, and p, q are flux pinning mechanism dependent parameters. It is given in the
model that p = 1/2, q = 1 is linked to normal surface core pinning with the F p peak
positon at b = 0.2, and p = 1, q = 2 is linked to point-like normal-state particle pinning
with the F p peak at b = 0.33. For the NEG810 film, the F p peaks are located at around
0.26 and 0.22, at 77 K and 65 K, indicating that both surface and point pinning types are
effective in the film. This is not a surprising result, as MOD RE-123 films naturally
have defects, such as stacking faults, grain boundaries, and secondary precipitates,
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which can work as surface and point-like pinning centers in the film.

Figure 4.10 Field dependent normalized pinning force for NEG810 film.

TFA-MOD is a complex chemical reaction process.

There are many processing

parameters affecting the properties of the final films. Although current processing
parameters, such as water vapor pressure and oxygen annealing temperature, are
suitable for the preparation of high quality YBCO films, they may not be so good for
the growth of NEG-123 films. So, it can be expected that further investigation on the
influence of processing parameters would help to improve the NEG-123 film quality.

4.3 Summary

Highly biaxial textured Nd1/3Eu1/3Gd1/3Ba2Cu3O7-δ films have been successfully
prepared on LaAlO3 single crystal substrates by the TFA-MOD method. The film
orientation and surface morphology strongly depend on the crystallization temperature,
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and the processing temperature window for epitaxial growth of NEG-123 films was
determined as 810-840 oC at 3 ppm oxygen partial pressure. The significant reduction in
Tc for the films crystallized at high temperatures indicates the presence of substitution in
Ba sites by rare earth elements in the films. The highest onset Tc of 90.5 K and self-field
Jc of 0.19 MA/cm2 at 77 K was obtained from the film crystallized at 810 oC. These
results suggest that it is possible to prepare NEG-123 films by the TFA-MOD method,
although the processing parameters still need optimization to further improve the film
quality.

90

Chapter 5 Ethanol-based TFA-MOD Method for YBCO Films

Metal-organic deposition using trifluoroacetates (TFA-MOD) is one of the most
promising techniques for the fabrication of high quality YBa 2 Cu 3 O 7-x (YBCO)
superconducting thin films. The growth mechanism and influence of various processing
parameters on the TFA-MOD method have been widely investigated. However, to the
best of our knowledge, little attention has been paid to the effects of the solvent used for
precursor solution preparation.

Methanol is the most commonly used solvent in the TFA-MOD route. It is toxic and
may cause death or blindness, which would involve serious health risk for industrial
manufacture due to the large amount of methanol that would need to be used. In this
chapter, ethanol was selected as a solvent instead of methanol to reduce the health risk.
Properties of YBCO films prepared with this ethanol-based solution were characterized.
The reproducibility of the ethanol-based TFA-MOD method has been checked by
repeating the whole preparation process several times. The results show that the
ethanol-based TFA-MOD method is a reliable low-toxicity route for the fabrication of
high-quality YBCO films.

5.1 Experimental

Chemicals used for the precursor solution preparation are listed in Table 5.1. To make
the precursor solution for the TFA-MOD method, the acetates were dissolved in a
mixture of deionized water and trifluoroacetic acid (TFA acid) with the cation ratio of
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Y3+: Ba2+: Cu2+ = 1: 2 : 3. The solution was stirred at room temperature for 30 min to
make all salts dissolve completely, and then distilled under decompression by using a
rotating evaporator to obtain a refined blue residual gel. The gel was dissolved in
ethanol to obtain a transparent blue solution. The distilling and dissolution process was
repeated three times to get the final precursor solution with cation concentration of 1.5
M.

Table 5.1 Chemicals used for ethanol-based TFA-MOD method.
Name

Fomula

Purity

Manufacturer

Yttrium acetate tetrahydrate

Y(C2H3O2)3·4H2O

99.99%

American Elements

Barium acetate

Ba(C2H3O2)2

99%

Sigma-Aldrich

Copper acetate monohydrate Cu(C2H3O3)2·H2O

≥99.0%

Sigma-Aldrich

Trifluoroacetic acid

C2HO3F3

99%

Aldrich

Ethanol, absolute

C2H6O

99%

Sigma-Aldrich

The precursor solution was spin coated on LaAlO 3 (001) single crystal substrates with a
spin rate of 4000 rpm for 60 s. The deposited films were first heated slowly to 380 oC in
humidified flowing oxygen, then sintered at 820

o

C in humidified 1000 ppm

oxygen/argon atmosphere for 60 min and afterwards 20 min in dry gas, and finally
annealed at 450 oC in dry oxygen for 90 min to form the superconducting phase.

X-ray diffraction (XRD) (GBC MMA, and X’Pert, PANalytical) was used to investigate
film crystallization and texture. Raman scattering spectra were collected on a confocal
laser Raman spectrometer (HORIBA Jobin Yvon) at room temperature in air
atmosphere with a 20 mW 632.8 nm wavelength Ar+ laser for excitation. Scanning
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electronic microscopy (SEM) (JOEL 6460) was used to observe the film surface
morphology. Film thickness was measured by cross-section field-emission SEM (JOEL
7500FA). The superconducting properties of the samples were examined by a Quantum
Design Physical Properties Measurement System (PPMS). Critical current density (J c )
was calculated from the height of the magnetization loop using Bean’s model.

5.2 Results and Discussion

The XRD theta/2 theta pattern for YBCO film prepared by the ethanol-based TFAMOD method is shown in Figure 5.1. Clearly, all the peaks for the film correspond to
the (00l) diffractions of orthorhombic YBCO. No (h00)(h00) peak or impurity peak is
observed within the detection limitations of the equipment, which indicates the film is
completely crystallized without undesired impurity content and highly c-axis orientated.

Figure 5.1 XRD pattern for YBCO film prepared by ethanol-based TFA-MOD method.
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An omega scan pattern for the (005) peak of an YBCO film prepared by the ethanolbased TFA-MOD method is shown in Figure 5.2. The full-width-at-half-maximum
(FWHM) value for the omega peak is 0.3°, obtained by Gaussian fitting of the peak.
Excellent out-of-plane alignment of the c-axis oriented YBCO grains is clearly revealed
by the omega scan. The phi scan patterns for the (101) peak of the LAO substrate and
the (103) peak for the YBCO film are shown in Figure 5.3. Clear four-fold symmetry of
phi peaks is observed for both the substrate and the film. The phi peak positions for the
substrate and the film are nearly the same, indicating an epitaxial relationship of YBCO
(001) || LAO (001) and YBCO [100] || LAO [100]. The FWHM values for each phi peak
for YBCO (103) were calculated by Gaussian fitting, and the average is 1.3°. This result
reveals excellent in-plane alignment for the YBCO film.

Figure 5.2 (005) omega scan of YBCO film prepared by the ethanol-based TFA-MOD
method.
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Figure 5.3 (101) phi scan for LAO substrate (top) and (103) phi scan for YBCO film
(bottom) prepared by the ethanol-based TFA-MOD method.

Raman scattering spectra for YBCO films prepared by the ethanol-based TFA-MOD
method and the standard TFA-MOD method (using methanol as solvent) are shown in
Figure 5.4. For both of the films, the highest peak located at 340 cm-1 (B1g) corresponds
to the out-of-plane vibration of O(2)-O(3) oxygen atoms in the CuO2 plane for
orthorhombic YBCO [191, 192]; peaks located at about 230, 450, and 580 cm-1, are
known as defect-induced Raman peaks, originating from the oxygen chains which are
not fully occupied [192, 193]. For the ethanol-based TFA-MOD YBCO film, an extra
peak at around 500 cm-1 is observed, which comes from the apical oxygen O(4),
suggesting the existence of a-axis oriented YBCO grains in the film [191, 192]. The
intensity of this peak is very low, indicating that the amount of a-axis grains is not large.
However, the (100) and (200) diffraction peaks, corresponding to the a-axis grains in
the film, are not visible in the XRD theta/2 theta pattern, as shown in Figure 5.1. A
possible explanation for the absence of (h00) peaks is that the (100) and (200)
diffraction peaks (23.258° and 47.549°, PDF89-6049) for YBCO are very close to the
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(001) and (002) peaks (23.460° and 47.983°) for LAO substrate, so the weak signal
from the small amount of a-axis grains can be easily masked by the strong diffraction
from single crystal substrate. In addition, no other peaks can be observed in the spectra,
suggesting the absence of secondary phase in both films.

Figure 5.4 Raman scattering spectra for YBCO films prepared by the ethanol-based
TFA-MOD (sample A) and the standard TFA-MOD method (sample B).

The surface morphology of the ethanol-based TFA-MOD YBCO films is shown in
Figure 5.5. The film reveals a dense and homogeneous surface. No cracks or a-axis
grains can be observed. The typical flat surface with hills, which is considered as the
typical surface morphology for c-axis oriented YBCO films [69], is observed. There are
no pinholes on the surface, which is different from the YBCO films prepared by the
standard TFA-MOD method. As the only difference between the two methods is the
solvent, it can be concluded that the application of ethanol results in densification of the
final YBCO film.

This advantage may have benefits for microwave electronic

application and has the potential to enhance the critical current density J c .
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Figure 5.5 SEM image of YBCO film prepared by the ethanol-based TFA-MOD
method.

The superconducting properties of ethanol-based TFA-MOD YBCO film are exhibited
in Figure 5.6. All the applied fields are parallel to the c-axis of the film. The film
thickness used for J c calculation is 275 nm, obtained from cross-sectional FE-SEM
observation. A superconducting transition with T c,onset of 91 K can be seen from inset of
Figure 5.6. The J c of the film is up to 1.47 MA/cm2 at 77 K and 2.98 MA/cm2 at 65 K,
self field. Compared to the standard TFA-MOD YBCO film (3 MA/cm2 at 77 K, self
field, in Chapter 4), the J c values for ethanol-based TFA-MOD YBCO film are lower.
The presence of a-axis oriented grains in the film, which have been detected in Raman
spectra is the possible reason for the reduction in J c .

At both temperatures, the J c -B behaviors are very similar: J c remains almost constant at
low field, and decreases by a power-law ( J c ∝ B −α ) at intermediate field, finally
decreasing rapidly at high field. The presence of power-law decay suggests the absence
of random particle pinning, which is consistent with the Raman result. The α values
were calculated from linear fitting of the log(J c )-log(B) data in the power-law region.
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At 77 K, α = 0.93 whereas at 65 K, α = 0.76. These values are higher than that for
standard TFA-MOD YBCO films (α = 0.85 at 77 K and 0.72 at 65 K, in Chapter 4),
revealing faster J c decay at intermediate field.

Figure 5.6 Jc vs applied field at 77 K and 65 K for YBCO film prepared by the ethanolbased TFA-MOD method. Inset is the moment vs. temperature curve for the same film.

The whole preparation process, from the precursor solution preparation to the thermal
annealing process, was repeated to check the reproducibility of the ethanol-based TFAMOD method. All the samples reveal high c-axis orientation and similar surface
morphology. The values of J c are all over 1 MA/cm2 at 77 K, self field. In this case, it
can be concluded that the ethanol-based TFA-MOD method is a reliable low-toxic
approach for the fabrication of high-quality YBCO films. Further optimization of
processing parameters may also help to eliminate a-axis grains growth in the film, and
even better superconducting properties can be expected.
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5.3 Summary

To reduce the health risk, ethanol was used as the solvent for the TFA-MOD method
instead of toxic methanol. Highly biaxially textured, homogeneous, and pin-hole-free
YBCO films were prepared via the ethanol-based TFA-MOD method on LAO single
crystal substrate. The T c,onset of the films is 91 K, and the J c is 1.47 MA/cm2 at 77 K,
self field. The existence of a-axis grains in the film, detected by Raman spectroscopy, is
likely to be responsible for the reduction in J c . It is easy to understand that the J c vs. B
behaviours are similar in both the ethanol-base TFA-MOD and the methanol-base TFAMOD because of the limited effects of solvent on the superconductor film. However,
the solvent may have an impact on the surface morphology and density of the film. The
relatively low J c from the ethanol-based TFA-MOD may be due to non-optimization of
the crystallization process. In sumIn summary, these results provide a reliable lowtoxicity route for industrial manufacture of YBCO films via the TFA-MOD method.
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Chapter 6 Solution Derived Sm2O3 Films on Biaxially
Textured Ni-W Metallic Substrates

An ideal buffer layer should have three functions: it should act as a texture template that
has small lattice mismatch with YBCO film, provide an oxygen diffusion barrier to
protect YBCO from reaction with the substrate, and have a chemically inert surface for
the growth of YBCO film. Samarium sesquioxide, Sm2O3, has a cubic bixbyite structure
with a lattice parameter of 10.93 Å. The lattice mismatch between Sm2O3 and YBCO is
less than 0.3%. (004) oriented Sm2O3 films have been used as a second buffer layer
above CeO2, and highly textured EuBa2Cu3O7-δ films with critical current density (Jc)
up to 6.4 MA/cm2 at 77 K have been grown on the Sm2O3/CeO2/r-sapphire structure,
indicating that Sm2O3 is a very promising buffer layer candidate for the fabrication of
coated conductor [195-197].

There are a few reports for textured Sm2O3 films grown by RF magnetron sputtering
[195-197] and PLD [198], but up to now, there has been no report onsolution on
solution derived textured Sm2O3 films. In this chapter, biaxially textured Sm2O3 films
were successfully prepared on rolling-assisted biaxially textured substrate (RABiTS)
Ni-W alloy metallic tapes prepared via chemical solution deposition. The effects of the
thermal annealing temperature and the precursor solution concentration were
investigated.

6.1 Experimental
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Chemicals used for precursor solution preparation are listed in Table 6.1. The amount of
molecular water in samarium acetate was x = 1.37, as determined by thermogravimetric
analysis. To prepare the precursor solution, samarium acetate was added to propionic
acid, and then the mixture was heated at 70 oC with continuous stirring until the salt
dissolved completely. The solution was stirred at room temperature for 12 h to ensure
homogeneity. The final volume of the solution was adjusted by adding propionic acid.
The ionic concentrations for the precursor solution were 0.2 M and 0.5 M.

Table 6.1 Chemicals for Sm2O3 precursor solution preparation.
Name

Fomula

purity

Samarium acetate hydrate

Sm(C2H3O2)3.xH2O 99%

Alfa Aesar

Propionic acid

C3H6O2

Sigma-Aldrich

99%

manufacturer

10 × 10 mm2 {100} (001) textured RABiTS Ni-5%W metallic substrates (Evico, 99%)
were cleaned in ethanol with an ultrasonic cleanser, and then annealed at 1000 oC for
120 min with 0.5 L/min Ar-5%H2 gas flow. The cubic texture of the annealed substrate
was checked by pole figure measurement before film deposition, and the results are
shown in Figure 6.1. Clearly, the cubic texture is well maintained after the annealing
process.
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Figure 6.1 (111) pole figure for Ni-5%W substrate after annealing.

The Sm2O3 precursor solutions were spin coated onto the annealed substrates at 5000
rpm for 60 s. The precursor films were dried on a hot plate at 300 oC for 15 min in air
atmosphere, and then sealed in a quartz tube. 0.5 L/min Ar-5%H2 gas flow was flushed
into the quartz tube for 100 min to achieve a reducing atmosphere around the samples.
Then, the tube was inserted into a tube furnace, which had already been heated to the
desired temperature (700-1000 °C). The heat treatment was maintained for 120 min and
afterwards the tube was quenched from the furnace and cooled naturally at room
temperature. During the whole heat-treatment process, Ar-5%H2 gas flow was
maintained to prevent oxidation of the metallic substrates.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of the
precursor solution as it was heated to 1000 oC at a heating rate of 5 oC/min were carried
out in air atmosphere with a thermogravimetric analyzer (Mettler Toledo TGA/DSC1).
An X-ray diffractometer (XRD, Philips-designed X’Pert Pro) were used to characterize
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the film crystallization and texture. Atomic force microscopy (AFM, Ayslum Research
MFP-3DTM SA) was applied to study the surface morphology and microstructure of the
films.

6.2 Results and Discussion

The growth of epitaxial and highly oriented (textured) films favours the heterogeneous
nucleation at the substrate interface, as homogeneous nucleation usually results in
polycrystalline film with randomly oriented grains. In classical nucleation and film
growth theory [56], the dependence of energy barriers (ΔG*) on homogeneous and
heterogeneous nucleation events as the driving force can be described by equations 6-1
and 6-2:
*
∆Ghom
o =

16πγ 3
3(∆Gv ) 2

(6-1)

16πγ 3
f (θ )
3(∆Gv ) 2

(6-2)

and
*
∆Ghetero
=

where ΔGv is the driving force for crystallization, i.e., the energy difference between the
amorphous film and the crystalline state, γ represents the interfacial energy, and f(θ) is a
function of the contact angle θ. For a hemispherical nucleus:
f (θ ) =

2 − 3 cos θ + cos 3 θ
4

(6-3)

Comparing equations 6-1 and 6-2, as the value of f(θ) is always less than 1, it is easy to
find that the energy barrier for heterogeneous nucleation is smaller than for
homogeneous nucleation.
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The differences in free energy between the amorphous film and the crystalline phase are
demonstrated in Figure 6.2. Clearly, the driving force for crystallization becomes
smaller when the heating temperature increases.

Figure 6.2 Schematic diagram of the free energies of a CSD derived amorphous film,
the ideal supercooled liquid, and a crystalline. [56]

In the conventional thermal treatment, the temperature increases gradually, and the film
crystallization starts during the heating, that is, crystallization occurs at relatively low
temperatures. The driving force for crystallization at low temperatures is relatively large,
so that there could be sufficient time and energy to surmount the energy barrier for both
homogenous and heterogeneous nucleation, and the film microstructure is defined by all
nucleation events. To suppress the homogenous nucleation, a thermal treatment with a
high heating rate (rapid thermal treatment) is very important. When the heating rate is
high enough, the film crystallization can be delayed to higher temperature with lower
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driving force, and the heterogeneeous nucleation event, which has a low energy barrier,
becomes more preferred.

In order to obtain highly textured film, all the Sm2O3 samples were prepared by a rapid
thermal treatment process.

To find a proper crystallization temperature for the Sm2O3 films, the thermal behaviour
of the precursor solution was studied. Figure 6.3 shows the TGA and DSC curves of 0.2
M Sm2O3 precursor solution. The rapid mass loss at 120 oC corresponds to the
evaporation of organic solvent in the precursor solution, and the residual material is
supposed to be samarium propionate. Decomposition of samarium propionate starts at
about 280 oC and finishes at 650 oC, resulting in the formation of Sm2O3. The
exothermic peak at 340 oC on the DSC curve corresponds to the burning of organic salts,
and the endothermic peaks between 400 oC and 650 oC might correspond to the
decomposition of intermediates. No further mass loss is observed after 650 oC,
indicating that Sm2O3 is the stable final product. Also, the endothermic peak at 780 oC
on the DSC curve does not correspond to a chemical reaction but possibly to a solid
phase transition from cubic phase to monoclinic phase [199]. According to these results,
a crystallization temperature over 650 °C should be selected.

Figure 6.4 presents the x-ray theta/2 theta diffraction patterns for Sm2O3 films on Ni5%W substrates crystallized at different temperatures. The precursor solution
concentration is 0.2 M. There is no Sm2O3 peak to be observed for the films annealed
below 1000 oC, indicating that the films do not crystallize at these relatively low
temperatures in reduced atmosphere, although bulk Sm2O3 can form at 650 oC in air.
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For the film annealed at 1000 oC, there is only one peak at 33.15o in the XRD pattern,
which can be indexed to the (004) reflection of cubic Sm2O3, revealing that the film is
not only phase pure, but also highly (00l) oriented.

Figure 6.3 TGA and DSC curves for 0.2 M Sm2O3 precursor solution.

Figure 6.4 XRD patterns for Sm2O3 films on Ni-5%W substrates annealed at different
temperatures.
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The omega scan for the (004) peak of Sm2O3 film annealed at 1000 oC is shown in
Figure 6.5. The full-width-at-half-maximum (FWHM) value for the omega scan is 5.8º,
indicating good out-of-plane alignment for the Sm2O3 film. The phi scans of the Ni5%W (111) peak and the Sm2O3 (222) peak are shown in Figure 6.6. Clearly a four-fold
symmetry can be seen for both the Sm2O3 film and the substrate, showing a cube-oncube texture. The FWHM value for the phi scan of Sm2O3 film is 6.7°, indicating
excellent in-plane alignment. Comparing with the FWHM value of 6.2° for Ni-5%W
(111), the excellent epitaxial quality of Sm2O3 film can be confirmed. It is notable that
there is a 45° shift between the phi peaks for Ni-5%W (111) and Sm2O3 (222), which
means there is a 45° rotation of these two lattices, and the orientation relationship
between Sm2O3 and Ni-5%W can be determined to be Sm2O3 (004) || Ni-5%W (002)
and Sm2O3 [220] || Ni-5%W [200].

Figure 6.5 (004) omega scan pattern for Sm2O3 film annealed at 1000 oC.
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Figure 6.6 Phi scan patterns for Ni-5%W (111) and Sm2O3 (222).

The film thickness for the Sm2O3 film is about 40 nm. The surface morphology of the
Sm2O3 film measured by AFM is shown in Figure 6.7. The film is homogeneous and
crack-free. The root-mean-square surface roughness is about 7.3 nm. The average size
of the granular grains is about 300 nm. Some pinholes can be observed on the film
surface, which is not good for the blocking of element diffusion as a buffer layer. Thus,
thicker Sm2O3 films or a combined structure of several different buffer layers with
Sm2O3 film as the bottom layer are more promising.
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Figure 6.7 AFM images for plain view (top) and 3D view (bottom) of Sm2O3 film on
Ni-5%W substrate annealed at 1000 oC.

To prevent oxygen diffusion between the metallic substrate and the YBCO
superconducting layer, sufficient thickness is always required for the buffer layers. To
fabricate thick Sm2O3 films, the precursor solution concentration was increased to 0.5
M. Figure 6.8 shows the XRD patterns for Sm2O3 films on Ni-5%W substrates derived
from 0.2 M and 0.5 M precursor solutions. The crystallization temperature was kept at
1000 oC. It can be seen that the 0.5 M film shows not only (004), but also (222)
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diffraction peaks at 28.66°, suggesting that the epitaxial growth of Sm2O3 can not be
maintained if the solution concentration is too high.

Figure 6.8 XRD patterns for Sm2O3 films on Ni-5%W substrates derived from 0.2 M
and 0.5 M precursor solutions.

It is notable that there is a (004) peak shift for the Sm2O3 films. With increasing solution
concentration from 0.2 M to 0.5 M, the (004) diffraction peak shifts from 33.15° to
33.01°, whereas the (004) peak for bulk Sm2O3 is 32.75° (PDF88-2166). The lattice
constant, calculated from Bragg’s equation from the (004) peak is 10.80 Å for 0.2 M
film and 10.85 Å for 0.5 M film, respectively. These values are smaller than the bulk
value of 10.93 Å. This phenomenon indicates that there is lattice deformation in the
Sm2O3 films caused by the lattice mismatch between the Sm2O3 and the Ni-5%W
substrate.

For the growth of heteroepitaxial film, the lattice mismatch f is described as
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f =

a f − as
as

where af and as are the a-b plane lattice constants for the film and substrate, respectively.
If af > as, there would be compressive strain in the film; otherwise, if af < as, there
would be tensile strain in the film. Strain in the film results in elastic lattice deformation
in the ab-plane of the film to match the substrate lattice, and there is coherent lattice
deformation along the c-axis, as shown in Figure 6.9. The coherent lattice deformation
can be described as

∆a⊥ =

a⊥ − a f
af

where a⊥ is the c-axis lattice parameter for the deformed film lattice.

Figure 6.9 Schematic diagram of lattice deformation for heteroepitaxial thin film
structure.

The (002) peak for Ni-5%W substrate is located at 51.58° in the pattern shown in Figure
6.8. A lattice constant for the substrate of 3.54 Å can be calculated from the Bragg
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equation. The lattice mismatch between the Sm2O3 film and the Ni-5%W substrate is ~
9.2%, and it can be concluded that compressive strain is induced in the film. Assuming
that there is a perfect 45° rotation lattice match between the substrate and the Sm2O3
film, the lattice parameter for Sm2O3 should be 10.01 Å, and the corresponding (004)
peak position is 35.85°. This theoretical calculation result is much higher than the
experimental result, because the real lattice deformation is not only determined by the
strain, but also by the volume effect of the film.

The largest deformation occurs at the interface between substrate and film, and as the
film thickness increases, the strain can be partially or fully relaxed, and the lattice
deformation becomes smaller and may completely disappear at the top. With sufficient
film thickness, the x-ray diffraction signal from the strained (deformed) lattice could be
masked by signals from the unstrained (undeformed) top layers, and the corresponding
diffraction peak will shift towards the bulk value. For the Sm2O3 films, it is supposed
that the 0.5 M film has a greater thickness than the 0.2 M film, so that it has more
partially relaxed layers, and thus, the (004) peak for the 0.5 M film is closer to the bulk
value.

6.3 Summary

Biaxially textured Sm 2 O 3 films have been successfully grown on biaxially textured Ni5%W metallic substrates via chemical solution deposition. The crystallization of film
occurs at 1000 oC in reducing atmosphere, and the film reveals good in-plane and outof-plane alignments. The orientation relationship between Sm 2 O 3 and Ni-5%W is
112

determined as Sm 2 O 3 (004) || Ni-5%W (002) and Sm 2 O 3 [220] || Ni-5%W [200]. The
precursor solution concentration should be controlled to less than 0.5 M to obtain
epitaxially grown Sm 2 O 3 films.
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Chapter 7 Summary

In this thesis, two areas in coated conductor development have been explored: the
fabrication of YBCO-based superconducting films on single crystal substrates by the
TFA-MOD method and the fabrication of Sm2O3 buffer layers on biaxially textured
metallic substrates by chemical solution deposition. The main results are summarized
below.

With adjustment of processing parameters such as gas flow rate and crystallization
duration, high quality large-area YBCO films can be obtained on LAO single crystal
substrates and CeO2 (deposited by rf magnetron sputtering) buffered YSZ substrates by
the TFA-MOD method for microwave application. 30 × 30 mm2 large-area single-sided
YBCO/LAO film with high Jc of 4.5 MA/cm2 (77 K, self field) had a low Rs value of
3.6 μΩ at 77 K, 1 GHz, which is comparable to commercial MOCVD YBCO film.
High-Jc (4.5 MA/cm2, 77 K, self field) YBCO film can also be obtained on CeO2/YSZ
substrate, but the film quality strongly depends on the CeO2 buffer layer quality. Dip
coating is an effective technique for fabrication of double-sided YBCO film. However,
the Jc for the double-sided YBCO film is much lower than for the single-sided samples,
and the Jc distribution is not uniform. The lower Jc is believed to be associated with gas
flow blockage by the sample holder, and modification of the sample holder to maintain
linear gas flow on the film surface is required to improve the film quality.

Highly c-axis oriented (Y,RE)BCO (RE = Dy, Eu, Sm, Nd) films were fabricated on
LAO substrates by the TFA-MOD method. The RE partial substitution at Y site results
in localized stress fields in the films, which can work as randomly oriented point-like
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pinning centres and improve the in-field properties of YBCO films. The pinning
strength is associated with the ionic radius variation between Y3+ and RE3+, and thus,
the pinning enhancement is more significant for (Y, Eu)BCO film and (Y,Sm)BCO film
compared to (Y,Dy)BCO films. The presence of a-axis oriented grains in the
(Y,Sm)BCO film is the possible reason for the relatively low Jc for this film. Tc
reduction for the (Y,Nd)BCO film indicates the existence of Nd substitution at Ba sites,
which suppresses the superconducting properties of the film. Optimization of processing
conditions for (Y,RE)BCO films with large RE ionic radius is necessary to further
improve the film quality.

High purity argon with PO2 = 3 ppm was used to fabricate Nd1/3Eu1/3Gd1/3Ba2Cu3O7-δ
(NEG-123) films on LAO single crystal substrates by the TFA-MOD method. The film
orientation and surface morphology strongly depend on the crystallization temperature.
XRD results reveal that the crystallization temperature window for epitaxial growth of
NEG-123 films is 810-840 oC. However, the significant reduction of Tc for the films
crystallized at high temperatures indicates that there is substitution for Ba by rare earth
elements in the films. The highest onset Tc of 90.5 K and self-field Jc of 0.19 MA/cm2 at
77 K was obtained for the film crystallized at 810 oC. These results suggest that it is
possible to prepare biaxially textured NEG-123 films by the TFA-MOD method,
although the processing parameters still need optimization to further improve the film
quality.

In order to reduce the health risks of the standard TFA-MOD method, a TFA-MOD
method using ethanol as the solvent was developed. Highly biaxially textured,
densified, pin-hole-free YBCO films can be prepared via the ethanol-based TFA-MOD
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method on LAO single crystal substrate. The T c,onset of the films is 91 K, and the J c is
1.47 MA/cm2 at 77 K, self field. The presence of a-axis grains in the film, detected from
the Raman spectra, is likely to be responsible for the reduction of J c . Power-law decay
of J c at intermediate field is observed for the film, which is similar to the case of typical
TFA-MOD (using methanol as solvent) YBCO films, as the effect of the solvent on the
superconductor film is rather limited. Further optimization of processing conditions
would improve the film quality. In sum, these results provide a reliable low-toxicity
route for the industrial manufacture of YBCO films via the TFA-MOD method.

With samarium acetate and propionic acid as starting materials for precursor solution
preparation, highly biaxially textured Sm 2 O 3 films have been successfully grown on
RABiTS Ni-5%W metallic substrates via chemical solution deposition. Studies of film
nucleation theory reveal that a rapid thermal treatment process and high crystallization
temperature are neccesary to realize epitaxial growth of such a film. The Sm 2 O 3 film
crystallization occurs at 1000 oC in reducing atmosphere, and texture analysis of Sm 2 O 3
films deposited with 0.2 M precursor solution shows that the FWHM values for (004)
omega scans and (222) phi scans are 5.8° and 6.8°, respectively, which indicates good
in-plane and out-of-plane alignments. The orientation relationship between Sm 2 O 3 and
Ni-5%W was determined as Sm 2 O 3 (004) || Ni-5%W (002) and Sm 2 O 3 [220] || Ni5%W [200]. The precursor solution concentration should be controlled less than 0.5 M
to maintain epitaxial growth, and the (004) peak shift for the Sm 2 O 3 films is associated
with the lattice deformation caused by the heteroepitaxial growth.
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